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A consensus, detailed understanding of carpal kinematics remains elusive. 4-dimensional CT 
(4DCT) is a validated modality capable of accurately studying in-vivo kinematic motion. The 
objective of this work is to quantify normal, in-vivo kinematic motion of the carpus through a 
flexion-extension arc of motion using 4DCT. Ten healthy, un-injured volunteers underwent a 
4DCT scanning protocol through a complete arc of flexion-extension motion. Kinematic changes 
in motion were quantified using helical axis motion data for each carpal bone. Helical axes were 
compared between bones and statistical analysis performed using repeated-measures ANOVA to 
identify difference in kinematic motion between bones (p<0.05). The carpus can be divided into 
four main kinematic blocks: the distal carpal block, the proximal carpal block and individual 
scaphoid and trapezial blocks. This work supports an additional segmentation of the trapezium 










Two of the most impactful health interventions of the 20th centuries have been joint replacement 
surgery of both the hip and the knee. A crucial element of the success of these surgeries stems 
from thorough understanding of the normal way the joint moves, also known as its normal 
kinematics. The wrist is comprised of the most complex series of joints in the body, and is heavily 
relied upon for day-to-day human functions and activities. Although several theories regarding 
carpal kinematics exists, a consensus understanding remains elusive. Our understanding draws 
largely from biomechanical cadaver analysis, or static non-invasive imaging modalities. Without 
truly the understanding the native motion and interactions of a joint, we do not have precise targets 
to tailor interventions to; nor can we truly recreate normal function in the setting of pathology or 
injury. 
 
We use 4-dimensional Computerized Tomography (4DCT) technology, to define normal, in-vivo 
kinematics of the carpus. 4DCT presents the opportunity to study in-vivo, real-time motion and 
kinematics in a non-invasive manner. This, all whilst preserving muscle tone and soft tissue 
stabilizers present during functional range of motion of a patient’s wrist. Four-dimensional CT 
allows the inclusion of time, and can analyze changes in 3-dimensional orientation over time or 
throughout a movement or activity. The accuracy of this method of measurement is high and 
unparalleled by older modalities. Additionally, it provides a lower-cost model of study than 
cadaveric samples, and lower risk profile to participants than implantable trackers; making it an 
ideal modality.  
 
This work contributes data needed to thoroughly understand the way in which the wrist and carpus 
move. By understanding the complex kinematics of the wrist, we can set our sights on optimizing 
implants and surgical interventions aimed to restore peak function in patients burdened with injury 
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1 Introduction   
This chapter provides an introduction to wrist and carpal anatomy and carpal kinematics. A 
review of carpal and wrist anatomy, including osteology, ligamentous and musculotendinous 
stabilizers is provided. The current understanding of carpal kinematics is presented, with an 
overview of prevalent and widely-accepted theories of carpal kinematics.  Particular attention is 
drawn to the challenges involved in the definitive study of wrist and carpal kinematics, 
controversies, and the implications of this knowledge gap. Finally, a rationale for study, objectives 
and hypothesis for this work is given. 
  
 2 
1.1 Hand and Wrist Anatomy  
The wrist “joint” is a specialized series of articulations that allows intricate and complex 
movement of the hand. Its synchronous motion of multiple articulations, soft tissue stabilizers and 
the muscles acting upon those joints is what provides the ability to perform a plethora of functional 
tasks on a daily basis. This section provides an overview to the relevant anatomy.  
1.1.1 Summary of the Bones and Joints Comprising the Hand 
and Wrist 
There are a total of 27 bones that make up the hand and wrist. These can be grouped into the 
forearm, carpus, metacarpals and phalanges (Figure 1.1). The forearm is comprised of the radius 
and ulna long bones. The carpus is comprised of 8 carpal bones, divided into a distal and proximal 
carpal row. Bones comprising the proximal carpal row, from radial to ulnar are the scaphoid, 
lunate, triquetrum and pisiform (Figure 1.2). The distal carpal row includes the trapezium most 
radially, followed by the trapezoid, capitate, and hamate most ulnarly. There are 5 metacarpal 
bones, numbered 1 through 5 from radial to ulnar; all of which articulate with the distal carpal row 
and form the base for an associated group of phalanges. The combination of the metacarpal and its 
associated phalanges is referred to as a “ray”. Alternatively, the 1st ray is called the thumb, the 2nd 
the index, 3rd the middle, 4th the ring, and 5th the small or little. Each phalanx is comprised of a 
proximal, middle and distal phalanx, and are named with the same convention as their ray and 
associated metacarpal. The thumb is unique as it only has a proximal and distal phalanx. 
Meanwhile, the radius and ulna have two articulations with each other: the proximal radioulnar 
joint (PRUJ), and distal radioulnar joint (DRUJ). This work focusses on the carpus as it is the main 




Figure 1.1: Anatomic Divisions of the Osseous Hand and Wrist. The hand and wrist can be 
anatomically divided into four main sections. From proximal to distal, these are the forearm (A) 
the carpus (B), the metacarpals (C), and the phalanges (D). (Reused with permission from 
Chambers SB. The Impact of scaphoid malunion on wrist kinematics & kinetics: a biomechanical 




The wrist and carpus are comprised of numerous joints and each bone within has up to seven 
articulations with adjacent bones (Figure 1.2). The radius and ulna articulate both proximally and 
distally with each other at the proximal radioulnar joint (PRUJ), and distal radioulnar joint (DRUJ). 
The forearm articulates with the proximal carpal row at the radiocarpal joint (distal radius with the 
lunate and scaphoid), and at the ulnocarpal joint (ulna and triquetrum). The distal and proximal 
carpal rows articulate at the midcarpal joint, which is made of up the of the triquetrohamate (TH), 
lunocapitate (LC) joint, and scaphotrapeziotrapezoid (STT) joints. The metacarpals articulate 
proximally with the distal carpal bones at the carpometacarpal (CMC) joints, and distally with the 
proximal phalanx at the metacarpophalangeal (MCP) joint. In rays 2-5, the proximal 
interphalangeal (PIP) joints form the articulation between the metacarpal and the proximal and 
middle phalanx, and the distal interphalangeal (DIP) joint, between the middle and distal phalanx. 
The thumb has a single interphalangeal (IP) joint between its proximal and distal phalanges. The 
specific intercarpal articulations are outlined in greater detail, by each bone, in Section 1.1.2   
 
Figure 1.2: Osseous Anatomy of the Carpus. The bones of the hand and wrist are depicted here 
with focus on the carpal bones including scaphoid (S), lunate (L), triquetrum (T), pisiform (P), 
trapezium (Tz), trapezoid (Td), capitate (C) and hamate (H). Proximally the distal radius (R), and 
distal ulna articulate with the carpus, and distally the 1st through 5th metacarpals (MC). Major 
articulations between the bony units are shown, but intercarpal articulations are not depicted.   
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1.1.2  Relevant Osteology 
This section reviews the shape and surfaces of each carpal bone and the distal radius. The distal 
ulna and pisiform have been excluded due to their negligible kinematic contribution to the motions 
of interest in this work 1,2.  
1.1.2.1 Scaphoid 
The scaphoid is the largest bone of the proximal carpal row. It is curved in shape with a 
concave volar surface, and convex dorsal surface (Figure 1.3). Approximately 75-80% of 
the scaphoid is covered in cartilage for articulation 1. The non-articulating portion of the 
scaphoid includes a large tubercle is found on the distal, radial portion of its volar surface, 
which serves as the insertion of the abductor pollicis brevis (ABP), and transverse carpal 
ligament. Superficial to the scaphoid tubercle, on the volar surface, runs the flexor carpi 
radialis (FCR), tendon on route to its insertion on the base of the 2nd metacarpal. 
Additionally the radial surface contains a rough surface for attachment of the radial 
collateral ligament (RCL) of the wrist 1,3.  
The remaining surfaces of the scaphoid are articular. It articulates with the capitate on its 
concave surface forming the scaphocapitate (SC) joint. Proximally on its flat surface it 
articulates with the lunate forming the scapholunate (SL) joint. On its convex surface it 
articulates with the scaphoid facet of the radius forming the radioscaphoid joint. Distally it 
articulates with both the trapezium and trapezoid at the STT joint 1,3.  
 6 
 
Figure 1.3: Osseous Features of the Scaphoid. Osseous anatomy of the scaphoid is 
depicted with relevant landmarks. (A) Ulnar View, (B) Dorsal View, (C) Distal Articular 
Surface, (D) Proximal Articular Surface. (Reused with permission from Chambers SB. The 
Impact of scaphoid malunion on wrist kinematics & kinetics: a biomechanical 




The lunate is the central bone of the proximal carpal row and is named for its semi-lunar 
shape on a sagittal projection (Figure 1.4). It is wedge-shaped with a smaller dorsal surface 
than volar surface. It is particularly important in kinematic motion as it plays a role in all 
movements of the wrist in the coronal and sagittal planes 1. Its convex proximal surface 
articulates with the lunate facet of the radius, forming the radiolunate joint. Distally its 
concave surface it articulates with the capitate at the capitolunate joint. Radially it 
articulates with the scaphoid at the SL joint and ulnarly with the triquetrum at the 
lunotriquetral (LT) joint. In 65% of cases, there is an additional facet for articulation with 
the hamate; this is known as a type II lunate 1. 
 
 
Figure 1.4: Osseous Features of the Lunate. Osseous anatomy of the lunate is depicted 
with relevant landmarks. (A) Distal Articular Surface, (B) Proximal Articular Surface, (C) 
Ulnar View, (D) Radial View. (Reused with permission from Chambers SB. The Impact of 
scaphoid malunion on wrist kinematics & kinetics: a biomechanical investigation. The 




The triquetrum is the most ulnar bone of the proximal carpal row and is pyramidal in shape3 
(Figure 1.5). It has a non-articular ulnar and dorsal facet for insertion of the ulnar collateral 
ligament of the wrist. Additionally, dorsally it has a large non-articular portion for 
insertions of the dorsal intercarpal ligament (DICL) and dorsal radiocarpal ligaments 
(DRCL), and volarly for insertion of the transverse carpal ligament. Proximally it 
articulates with the triangular fibrocartilage complex (TFCC), a fibrocartilaginous articular 
disc between the distal ulna and proximal carpal row. Radially, it articulates with the lunate 
at the LT joint. Most interestingly, its distal ulnar articulation with the hamate has a convex 
and concave shape allowing a corkscrew motion at the TH joint, particularly seen in 
radioulnar deviation 1.  Additionally, there is a distal radial facet for articulation with the 
head of the capitate, and a volar concave articulation with the pisiform at the pisotriquetral 
(PT) joint.  
 
 
Figure 1.5: Osseous Features of the Triquetrum. Osseous anatomy of the triquetrum is 




The trapezium is the most radial bone of the distal carpal row (Figure 1.6). It is non-
articular on the volar, radial and dorsal surfaces; all sites for ligamentous attachment. The 
radial collateral ligament of the wrist inserts on the radial side. Volarly, it has a groove for 
the FCR tendon as it traverses from the scaphoid tubercle towards the base of the 2nd 
metacarpal. On the distal and radial aspect of the bone there is a large saddle-shaped 
articulation for the 1st metacarpal of the thumb. The biconcave saddle joint provides the 
increased degrees of freedom allowed for thumb dexterity and opposition grip, and is 
considered one of the most important joints in the hand 1. Ulnarly, it articulates with the 




Figure 1.6: Osseous Features of the Trapezium. Osseous anatomy of the trapezium is 
depicted with relevant landmarks. (A) Ulnar View, (B) Volar View, (C) Radial View, (D) 





The trapezoid is described as irregular wedge-shaped bone, and is the least mobile carpal 
bone 1 (Figure 1.7). It is narrower volar, non-articular surface, and a broader dorsal surface. 
Both are ligamentous insertion sites. Distally there is a facet for the base of the 2nd 
metacarpal and in 35% of individuals, also an additional articulation with the 3rd metacarpal 
1. It has a somewhat concave ulnar facet to articulate with the capitate, and a radial facet 
that articulates with the trapezium. Proximally it has a concave articulation with the 
scaphoid. 
 
Figure 1.7: Osseous Features of the Trapezium. Osseous anatomy of the trapezium is 
depicted with relevant landmarks. (A) Ulnar View, (B) Volar View, (C) Radial View, (D) 





The capitate is the largest carpal bone, and the most central bone of the distal carpal row 
(Figure 1.8). Non-articular regions include a dorso-ulnar region for insertion of the ulnar 
collateral ligament of the wrist, and direct volar and dorsal surfaces for insertion of carpal 
ligaments. Proximally, the large smooth articular surface is known as the head of the 
capitate, and articulates with the scaphoid radially, lunate centrally and triquetrum ulnarly. 
The distal articular surface is almost flat, and articulates with the 3rd metacarpal (3MC) at 
the 3rd CMC joint. Radially it has a distal facet for the 2nd metacarpal, and a more proximal 




Figure 1.8: Osseous Features of the Capitate. Osseous anatomy of the capitate is 
depicted with relevant landmarks. (A) Radial View, (B) Volar View, (C) Distal Articular 
Surface, (D) Proximal Articular Surface. (Reused with permission from Chambers SB. The 
Impact of scaphoid malunion on wrist kinematics & kinetics: a biomechanical 





The hamate is wedge-shaped, or cuneiform in shape and lays ulnar to the capitate in the 
distal carpal row (Figure 1.9). Its most notable feature is a large unciform hamulus or 
“hook of hamate”, projecting volarly and pointing radially, originating from its distal ulnar 
surface. The concavity of the hook forms the ulnar boarder of the carpal tunnel, and its tip 
provides attachment for the transverse carpal ligament. It has a large volar and dorsal 
surface for ligamentous and capsular attachment 1. Radially it articulates with the capitate 
and proximally with the triquetrum at the TH joint. As discussed in Section 1.1.2.3 the 
unique shape allows corkscrew motion between the hamate and triquetrum. In some 
individuals there may be a proximal and radial articulation with the lunate. Distally, the 
articular surface is divided into a radial and ulnar facet by a small ridge. These facets 
articulate with the base of the 4th and 5th metacarpals respectively 3.  
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Figure 1.9: Osseous Features of the Hamate. Osseous anatomy of the hamate is depicted 
with relevant landmarks. (A) Ulnar View, (B) Volar View, (C) Radial View, (D) Distal 




1.1.2.8 Distal Radius  
The distal radius forms the proximal platform for the carpus and articulates with the carpus 
at the radiocarpal joint (Figure 1.10). It features a radial styloid as an origin for the radial 
collateral ligament of the wrist, and projects as a bony stabilizer to radial deviation. Distally 
it has an ellipsoid articular surface comprised of a large scaphoid facet radially and square-
shaped lunate facet ulnarly. On the distal aspect of the ulnar surface, there is a concave 
ulnar notch for articulation with the ulnar head at the DRUJ. Lister’s tubercle is a sessile 
projection in the dorsal and radial surface of the distal radius, around which the extensor 
pollicis longus (EPL) tendon pivots as it radiates from its longitudinal alignment in the 
forearm towards the 1st ray.  
 
Figure 1.10: Figure 1.6: Osseous Features of the Distal Radius. Osseous anatomy of the 
distal radius is depicted with relevant landmarks. (A) Ulnar View, (B) Volar View, (C) 
Radial View, (D) Distal Articular Surface. 
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1.1.3  Soft Tissue Stabilizers of the Carpus  
The carpus is enacted on and stabilized by multiple ligaments and muscles. Along with the 
osteology, these structures influence, to varying degrees, the kinematic motion of the carpus. 
Intrinsic and extrinsic ligaments comprise the static stabilizers while muscles are the dynamic 
stabilizers.  
1.1.3.1 Static Stabilizers 
1.1.3.1.1 Extrinsic Carpal Ligaments 
Extrinsic carpal ligaments connect the distal radius and ulna to the carpal bones. These can 
be divided into volar radiocarpal, volar ulnocarpal and dorsal carpal ligaments. 
Additionally, the radial collateral ligament of the wrist runs directly radial, originating on 
the radial styloid and inserting on the radial aspect of the scaphoid and triquetrum. 
Similarly, there is an ulnar collateral ligament of the wrist, originating from the ulnar 
styloid and inserting on the triquetrum, hamate and base of the 5th metacarpal.  
1.1.3.1.1.1  Volar Radiocarpal Ligaments 
The radiocarpal ligaments originate from the volar aspect of the distal radius and styloid 
and insert onto the trapezium, scaphoid, lunate and capitate bones. There are 4 true 
ligaments (Figure 1.11). Most radial lies the radial collateral ligament of the wrist, arising 
deep on the radial styloid with attachments to the radial aspect of the scaphoid and 
trapezium.  From radial to ulnar runs the radioscaphocapitate ligament (RSCL) and the 
long radiolunate ligament (LRLL) superficially. The RSCL is especially important in 
carpal stability, and acts as a fulcrum on which the scaphoid rotates 1. The most ulnar of 
the radiocarpal ligaments is the short radiolunate ligaments (SRLL) directly from the 
medial volar lip of the distal radius to the lunate. It is the deepest of the volar radiocarpal 
ligaments. Of note, the radioscapholunate ligament (RSLL), also known as the Ligament 
of Testut, is a misnomer. In actuality, it is a neurovascular bundle opposed to a ligament 
and runs between the LRLL and SRLL.  
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1.1.3.1.1.2  Volar Ulnocarpal Ligaments 
Although variations on the ulnocarpal stabilizers exist, there are three main stabilizers on 
the volar ulnar side which form the ulnocarpal ligamentous complex4 (Figure 1.11). These 
include the ulnocapitate ligament (UCL) which runs from the superficial volar surface of 
the ulnar to the capitate. This forms an inverted “v” shape with the RSL, with its apex at 
the capitate. It acts to stabilize the capitate and decelerate the scaphoid 1. More deeply lies 
the ulnolunate ligament (ULL) and the ulnotriquetral ligament (UTL) which originate from 
the TFCC and attach to the lunate and triquetrum respectively. These together form a 
proximal “v” shape with the apex meeting at the volar aspect of the distal ulna and TFCC. 
These ligaments transmit force between the ulnar and the proximal carpal row, and help to 
prevent radial translation of the carpus throughout motion 1. It is important to note there 
are no dorsal ulnocarpal ligaments as the TFCC ligaments are situated in this region.  
 
Figure 1.11: Volar Intrinsic and Extrinsic Ligaments. Anatomic depiction of the volar 
wrist ligaments. Major volar extrinsic and intrinsic ligaments are highlighted. (C) Capitate, 




1.1.3.1.1.3 Dorsal Radiocarpal Ligaments 
The dorsal radiocarpal ligament (DRCL) is the sole extrinsic ligament found on the dorsal 
side of the wrist (Figure 1.12). It originates from the dorsal surface of the distal radius, 
approximately halfway between Lister’s Tubercle and the DRUJ and broadly inserts along 
the lunate on its way to terminating at the triquetrum. 
 
Figure 1.12: Major Dorsal Wrist Ligaments. Relevant dorsal wrist ligaments are 
depicted including the dorsal intercarpal ligament (DIC) and dorsal radiocarpal ligament 
(DRC). (Tz) Trapezium, (Td) Trapezoid, (C) Capitate, (H) Hamate, (S) Scaphoid, (L) 
Lunate, (Tq) Triquetrum, (P) Pisiform, (R) Radius, (U) Ulna.  
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1.1.3.1.2 Intrinsic Carpal Ligaments 
There are numerous short, stout ligaments directly connecting adjacent carpal bones.  
These intrinsic ligaments connect directly to the cartilage, and some additionally expand 
beyond the articular surface also connect directly to bone via Sharpey’s fibers 1. The 
majority of these ligaments act to stabilize between bones of the same row, be it the distal 
or row. An in-depth discussion of each of these ligaments is beyond the scope of this work. 
The two most important intrinsic carpal ligaments are the scapholunate ligament (SLL) and 
lunotriquetral ligament (LTL). Both serve to stabilize the lunate, and disruption of either 
can result in altered alignment and instability of the proximal carpal row 5. Anatomically 
they are very similar, with c-shaped morphology, comprised of membranous volar and 
dorsal components, and a fibrous proximal interosseous component. They differ in that the 
dorsal portion of the SLL has been shown to be the strongest, whereas the LTL is strongest 
in the volar portion 6.  
There are considerably less intercarpal ligaments stabilizing between the distal and carpal 
row, which contributes to the decreased constraint and increased mobility at the midcarpal 
joint 1. The main volar stabilizing ligaments include the scaphocapitate ligament (SCL), 
and scaphotrapeziotrapezoid ligament (STTL). The dorsal intercarpal ligament (DICL) is 
the only dorsal intrinsic ligament traversing the distal and proximal carpal rows (Figure 
1.12). It spans from the triquetrum, inserting along the lunate, capitate and distal scaphoid, 
before terminating at the STT joint. 
1.1.3.2 Dynamic Stabilizers 
1.1.3.2.1 Volar Muscles 
The volar musculature is subdivided into superficial, intermediate and deep layers. These 




Figure 1.13: Volar Extrinsic Muscles of the Wrist and Forearm.  A selective depiction 
of volar extrinsic forearm and wrist musculature is shown with pertinent anatomy 
highlighted. A complete list is presented in Table 1. (Reused with permission from 
Chambers SB. The Impact of scaphoid malunion on wrist kinematics & kinetics: a 




Table 1.1: Volar Musculature Imparting Dynamic Stabilization of the Carpus. The 
volar carpal dynamic stabilizers are divided into three anatomic layers: superficial, 
intermediate and deep. These muscles act to dynamically stabilize the carpus, and also 
generate flexion of the wrist, fingers and thumb. They also antagonistically stabilize the 
carpus during wrist, finger and thumb extension.  
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1.1.3.2.2 Dorsal Muscles 
The dorsal musculature is subdivided into superficial and deep layers. These act as 
extensors of the wrist and fingers and are summarized in Table 1.2, and shown in Figure 
1.143 
 
Figure 1.14: Dorsal Extrinsic Muscles of the Wrist and Forearm.  A selective depiction 
of dorsal extrinsic forearm and wrist musculature is shown with pertinent anatomy 
highlighted. A complete list is presented in Table 2. (Reused with permission from 
Chambers SB. The Impact of scaphoid malunion on wrist kinematics & kinetics: a 
biomechanical investigation. The University of Western Ontario; 2019. 
https://ir.lib.uwo.ca/etd/6707). 
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Table 1.2: Dorsal Musculature Imparting Dynamic Stabilization of the Carpus. The 
dorsal carpal dynamic stabilizers are divided into two anatomic layers: superficial and 
deep. These muscles act to dynamically stabilize the carpus and also generate extension of 
the wrist, fingers and thumb. They also antagonistically stabilize the carpus during wrist, 
finger and thumb flexion.  
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1.2 Carpal Kinematics 
Kinematics is the study of pure motion of a body or group of bodies. As it pertains to this work, 
carpal kinematics allow us to describe the motion of the individual wrist and carpal bones through 
various planes of motion. The wrist joint has the ability to move with 6 degrees-of-freedom, 
allowing multiplanar motion and complex spatial positioning of the hand and wrist 7. In-plane 
motion including Flexion-Extension Motion (FEM) (Figure 1.15), in the sagittal plane, and 
Radioulnar Deviation (RUD) (Figure 1.16) in the coronal plane are accomplished through 
articulations within the bones of the carpus as well as their articulations with the distal radius and 
ulna 1. Additionally, the distal articulation between the radius and ulna at the DRUJ provides 
rotation of the forearm in the axial plane producing pronation and supination. Due to the high 
degree-of-freedom, multiple out-of-plane motions are also possible. Dart-thrower’s motion (DTM) 
is a a path of motion from radial deviation and extension, to ulnar deviation and flexion, is the 
main out-of-plane motion to be characterized, and is associated with many functional tasks such 
as power grip and hammering 7 (Figure 1.17).  
 








Figure 1.17: Dart Thrower’s Motion (DTM) of the Wrist. Dart thrower’s motion is an out-of-
plane motion of the wrist used in many functional tasks. It is a path of motion from wrist extension 
and radial deviation (A), to wrist flexion and ulnar deviation (B).  
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1.2.1  Prevailing Theories of Carpal Kinematics 
Although no consensus, overarching description of carpal kinematics currently exists, several 
theories have been proposed, subsequently refined, and accepted as leading theories. Each new 
theory has broadened our understanding of carpal movement as new information became available. 
The earliest theories of carpal kinematics were formulated at the end of the 19th century following 
the advent of roentgenograms, the earliest form of x-ray technology. 
1.2.1.1 Column Theory 
Bryce first described carpal normal carpal motion only a year following the debut of 
roentgenograms in 1896 8.  In 1921, the Column Theory of carpal motion was first proposed 
by Navarro 9, and later refined by Taleisnik in the 1970s. This theory describes the carpus 
as three functional columns. The central column, including the lunate, capitate and hamate, 
is the main column responsible for flexion and extension movements. The scaphoid column 
is comprised of the scaphoid, trapezium and trapezoid bone and contributes to coronal 
plane motion of the wrist as well as rotation around the central column. Lastly, the ulnar 
column is comprised of the triquetrum and has contributions to rotation 5,7 (Figure 1.18).   
Since its original description, the column theory has remained the basis for additional 
theories, which expanded upon its core principles as new information regarding kinematic 
movement were discovered. Kauer suggested that these columns functioned independently, 
with the radial and central columns being most important for most wrist movements 5,10. 
This is based on the differential contribution to wrist flexion between the scaphoid and the 
lunate, with the scaphoid contributing more to wrist flexion than the wedge-shaped lunate7. 
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Figure 1.18: Functional Kinematic Units as Described in Row and Column Theory. 
The differences in kinematic groupings between the row and column theories of carpal 
kinematics are shown. The row theory divides the wrist into distal and proximal rows with 
the scaphoid acting as a linkage. The column theory has three divisions including the 
central, radial and ulnar column. (Reused with permission by Rainbow MJ, Wolff AL, 




1.2.1.2 Row Theory 
Another leading theory of carpal kinematics is the Row Theory proposed by Destot in 1926 
11. Using roentgenograms in various positions, he postulated that the carpus divides itself 
into two main functional rows, a distal row comprising of the hamate, capitate trapezoid 
and trapezium, as well as a proximal row comprised of the lunate, triquetrum and pisiform. 
The scaphoid is classified as a separate entity and acts to link the motions of the distal and 
proximal carpal rows (Figure 1.18). The head of the capitate was described to be the center 
of wrist motion 5,7,11. Landsmeer then suggested the idea of intercalated segments with a 
relatively fixed distal row, and movement guided by the bones of the proximal carpal row 
7, which was corroborated with observations of volar and dorsal intercalated segmental 
instability (VISI and DISI) generated from disruption of the proximal intercarpal ligaments 
7,12. 
1.2.1.3 Oval Ring Theory 
Although row and column theories remained the leading theories of carpal kinematics, 
they, along with other theories, are found to be insufficient to fully explain carpal 
kinematics. Litchtman proposed the Oval Ring Theory of carpal kinematics in 1981, which 
described movements of the carpus akin to a ring, with two mobile links at the STT joints 
and the TH articulation13 (Figure 1.19). Radial disruption of the ring leads to disruption of 
the scapho-lunate-capitate articulations, and ulnar disruption creates midcarpal instability. 
This model accounts for the tendency of the proximal row to rotate together, and the 
minimal differences seen between scaphoid and lunate motion. Additionally, it outlined the 
role of intercarpal ligaments in stabilizing the STT joints as well as in generating DISI and 




Figure 1.19: Oval Ring Theory as Described by Litchtman et al. The main links of the 
oval ring theory are shown here, with the distal carpal row acting as one unit (black). It 
was proposed to be linked to the proximal row at two main points, the TH joint ulnarly and 
the scaphotrapezial joint radially. (Reused with permission from Lichtman DM, Schneider 
JR, Swafford AR, Mack GR. Ulnar midcarpal instability—Clinical and laboratory analysis. 




1.2.1.4 Applied Forces to a Balanced Lunate 
With further study using cadaveric studies as well as with the use of CT technology, Garcia-
Elias then went on to expand these theories. He suggests a hybrid model in which there are 
4 mechanisms of carpal stabilization that all balance to act on the lunate during motion. 
This includes proximal row, distal row, midcarpal and radiocarpal stabilization, with 
positioning of the lunate held in balance by a variety of ligaments including the intercarpal 
ligaments such as the SLL, and LTL, as well as extracarpal ligaments including the 
ulnocarpal and radiocarpal ligaments. Detailed overview of these ligaments is presented in 
Section 1.1.3.1. Anatomic shape of the carpal bones were also thought to contribute to 
stability. 14,15 (Figure 1.20). 
 
Figure 1.20: Forces Applied to a Balanced Lunate as Described by Garcia-Elias et al. 
In this theory the lunate, on which the carpus sits, is stabilized by its morphology and 
surrounding ligamentous restraints in order to balance the forces imparted by the adjacent 
bones. The capitate imparts axial load, the triquetrum has a tendency to extend and the 
scaphoid flexes. (Reused with permission from Garcia-Elias M. Understanding wrist 
mechanics: a long and winding road. J Wrist Surg. Feb 2013;2(1):5-12. doi:10.1055/s-
0032-1333429). 
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1.2.1.5 Central Column Theory 
Although multiple theories had been proposed, it was felt by Sandow and colleagues that 
theories to date had been mostly observational, and had low predictive value16. In 2014, 
Sandow and colleagues used 3-dimensional CT (3DCT) technology to propose a central 
column theory of kinematics, in which there is a central column to link the forearm to the 
hand comprised of the lunate, capitate, hamate, trapezoid and trapezium 5,16(Figure 1.21). 
The scaphoid then provides a lateral column, acting to support the central column as a 
“two-gear, four-bar linkage”, and the trapezoid acts to rotate the axis of the central column 
16 (Figure 1.22). This rotation allows for out-of-plane movements such as DTM. They 
suggest the value is their model used synthesis kinematics, and can be used to anticipate 
and predict motion patterns at each of the joints involved in the model 16 
 
 
Figure 1.21: Four-Gear, Two-Bar Linkage Concept of Central Column Theory. Blue 
dots represent the connection of the scaphoid to the distal and proximal carpal rows, with 
connection by green bars. The red dot represents the centroid of the distal row and the 
yellow the centroid of the proximal row. (Reused with permission from Sandow MJ, Fisher 
TJ, Howard CQ, Papas S. Unifying model of carpal mechanics based on computationally 
derived isometric constraints and rules-based motion - the stable central column theory. J 
Hand Surg Eur Vol. May 2014;39(4):353-63. doi:10.1177/1753193413505407). 
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Figure 1.22: Central Column Theory as Described by Sandow et al. The central column 
is composed of the distal carpal row acting an articulating with the lunate (white). There is 
a separate ulnar restraint articulating with the triquetrum (brown), and an independent 
scaphoid on the radial side (green), and independent 1st ray (orange). (Reused with 
permission from Sandow MJ, Fisher TJ, Howard CQ, Papas S. Unifying model of carpal 
mechanics based on computationally derived isometric constraints and rules-based motion 





1.2.2 Challenges and Controversies in the Study and 
Characterization of Carpal Kinematics  
There are several factors that contribute to the difficulties encountered in the study of carpal 
kinematics. Firstly, unlike the hip or the knee which comprise of one to three articulations, the 
wrist is comprised of eight bones divided into a proximal carpal row (scaphoid, lunate, triquetrum 
and pisiform) and a distal carpal row (trapezium, trapezoid, capitate and hamate). Each bone 
articulates with multiple adjacent bones, as well as the distal radius and ulna of the forearm 
proximally, and the metacarpals of the hand distally 7,12. The sheer number of articulations is a hint 
towards the complexity in degree and direction of movement that can be generated by the wrist. 
Additionally, intercarpal and extracarpal ligaments as well as numerous volar and dorsal tendons 
and muscles play a role in the functional capabilities of the carpus 17. This complex anatomic 
design, and involvement of multiple bony, soft tissue and muscular structures makes it challenging 
to parse out the contributions to cumulative motion of each bone and its individual articulations 
from the surrounding soft tissue and musculature 18.  
Next, the wrist joint has the ability to move, unconstrained in 6 degrees-of-freedom. This ranges 
from wide circumduction maneuvers to smaller intricate movements of the carpus. Although the 
wrist can generate movements along the traditional 6 planes (abduction and adduction, flexion and 
extension, pronation and supination), many functional tasks, including hammering, writing and 
swinging are composite motions, that are performed out-of-plane 7,17,19,20. This makes easily 
accessible 2-dimensional techniques such as x-ray, cineradiography and fluoroscopy prone to error 
in the study of carpal kinematics, as they cannot accurately capture the 3-dimensional motion and 
non-planar motion patterns of the wrist that frequently comprise functional carpal motion. The 
advent and increased accessibility of 3-dimensional modalities such stereotactic trackers and 3-
dimensional imaging including computed tomography (CT), and magnetic resonance imaging 
(MRI) have allowed more detailed and accurate studies of carpal kinematics through multiple 
motion planes 21,22.  
Additionally, the small size of the carpal bones, and relatively small movements between bones 
imposes a technical challenge regarding accurate measurement and kinematic study 18,23. External 
sensors run the risk of increased error, as skin and soft tissue between the sensors and the bones 
introduce inaccuracies in measurements.  There is difficulty assuring motion is attributed to a 
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specific bone, without contribution from the numerous other articulations in close proximity. 
Tracking methods involving implantation into the bone of interest, as well as CT technology have 
helped to mitigate that challenge, and allowed study of motion with high degrees of accuracy in 
multiple planes 17,22.  
A large degree of controversy exists when describing the true motion of the scaphoid. 
Cragen and Stanley show that the scaphoid has differential motion in different positions, with 
women more likely displaying column-type kinematics, and conversely, men having more 
tendency towards  a row-type configuration 24. At the time, the idea of a variably-moving scaphoid 
was also supported by findings that overall ligamentous laxity correlates to the degree of out-of-
plane scaphoid motion 25. Although the idea of an over-arching model of carpal kinematics is 
attractive, more detailed study of the carpal bones shows that these theories likely represent an 
over-simplified model to describe true kinematic motion at the wrist. Wolfe further elucidated the 
variability of the scaphoid using 3DCT in-vivo analysis 26.  Although there is a general consensus 
that the distal carpal row moves as a single unit, bound tightly by intercarpal ligaments 16,17, the 
true motion of the proximal carpal row is not agreed upon and may include a high-degree of 
variability between individuals. Further advances in technology now allow better examination of 
carpal kinematics stereographically and in-vivo and can help to confirm these observations.  
Regardless of these challenges, perseverance in truly understanding the normal kinematic motion 
of the wrist remains critical in our ability to understand normal anatomic function. By 
understanding normal, we can define targets for the treatment of injury, with the aim of restoring 
anatomic function and optimizing outcomes.  
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1.3 Thesis Rationale 
Kinematic study has provided ample knowledge of motion and function of the various joints 
throughout the body.  Although our understanding of wrist kinematics continues to grow, there 
remains no consensus understanding of normal kinematic behaviour of the carpal bones. There are 
several popular theories of carpal kinematics, including the Row, Column, Oval Ring, Balanced 
Forces Applied to the Lunate, and Central Column Theory that have been proposed, none of which 
has been fully confirmed or disproven. It is likely that the original column and row theories are 
oversimplifications, given the limited technology available at their inception to truly understand 
the complex 3-dimensional motions of the carpus.  
The main criticism of studies to date is the lack of extreme fidelity required to characterize motion 
in this region without doubt or error. Four-dimensional computed tomography technology allows 
the most high-fidelity examination of in-vivo carpal kinematics without the limitations associated 
with cadaveric or 3-dimensional scanning protocols regarding lack of true joint reactive forces and 
contribution of muscle tone and soft tissue. Currently, there remains no 4DCT kinematic analysis 
of the entire carpus throughout flexion-extension motion (FEM) within the literature. Dart-
thrower’s, an enticing movement for post-operative rehabilitation protocols, has been studied by 
multiple authors at this time. Additionally, the wide variability and minimal movement, noted in 
proximal carpal row mechanics during RUD make it more challenging to draw definitive 
conclusions on.  
Our study is the first study to analyze in-vivo carpal kinematics of the entire wrist using dynamic, 
non-invasive 4DCT technology, during unconstrained FEM. Previous in-vivo studies have largely 
focused on the scapho-lunate and capitate articulations without much attention to the remainder of 
the carpus. A better understanding of normal baseline wrist kinematics is required. Although 
numerous studies have been performed, a consensus has yet to be reached due to the challenges 
involved in the study of carpal kinematics, and the varying accuracy and fidelity of the techniques 
used to date. These are further discussed in Chapter 2. This knowledge has significant clinical 
implications. Knowing the range of normal kinematics of the entire carpus may provide a clearer 
picture of anatomic targets in order to refine specific repair and reconstruction techniques and 
allow clinicians to optimize their management techniques. This can include things such as 
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determining sites for partial wrist fusions, or reconstructing ligaments in order to restore normal 
function.  Ultimately, the hope is that restoring normal will lead to increased satisfaction, 
functional outcomes, and longevity of implants following operative intervention. Additionally, a 
complete understanding of wrist kinematics would allow the optimization of rehabilitation 
strategies to maximize recovery. Without a true consensus and understanding of normal, these 
goals remain a moving target.  
 
1.3.1  Objective and Hypothesis 
The main objective of this study is to quantify in-vivo carpal kinematics during flexion-extension 
motion using 4DCT technology.  
This is accomplished by: 
a) Quantify the degree and direction of sagittal rotation of each carpal bone during Flexion-
Extension Motion (FEM) by using helical axes data. 
b) Identifying bones which move together and can be grouped into a single kinematic body 
and defined as “blocks” 
c) Quantifying degree of motion between blocks during FEM by using helical axes data. 
The secondary objective is to use our findings to support or contradict the currently accepted 
theories of carpal kinematics by comparing the consistency of those theories with our kinematic 
findings. 
We hypothesize that the currently accepted row, column and oval ring theories will be shown to 
be oversimplifications and will have features not consistent with our findings. We postulate that 
our results will largely support one of the remaining theories more strongly.  
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1.3.3  Overview 
Chapter 2: This chapter provides a review of current literature pertaining to kinematic study 
of the carpus. 
Chapter 3:  This chapter details the methodology and statistics employed in this study.  
Chapter 4:  This chapter presents a detailed review of study results and statistical analysis.   
Chapter 5:  This chapter provides a discussion of results, summary and conclusion, as well as 








2 Review of Literature: Techniques in the Study of 
Carpal Kinematics & the Use of Helical Axes 
This chapter reviews carpal kinematic study, from historical to current study techniques and 
technologic advances.  There is a particular focus on 4-dimensional CT technology, and its use in 
carpal kinematic study to date, efficacy and safety profile. Elaboration into the use of helical axes 
in kinematic study is also provided.  
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2.1  Earlier Modalities for the Study of Wrist Kinematics 
As with many fields, the rate of progress of our knowledge regarding carpal kinematics has been 
paced largely by advances in technology. This section reviews historic and current technology 
used in the study of carpal kinematics, and reviews their associated strengths and weaknesses.  
 
2.1.1  2-Dimensional Imaging Techniques 
Original theories of carpal kinematics were generated from analysis of 2-dimensional (2D) 
imaging modalities such as x-rays, cineradiography and fluoroscopy. All three modalities can be 
applied to both in-vitro and in-vivo models. X-rays generate a static, projected 2D picture, and are 
relatively safe as they only require a single-dose of radiation for exposure. Unfortunately, static 
films cannot capture dynamic pathology 17. Cineradiography allows analysis of dynamic motion 
through acquisition of multiple images. A series of x-rays are taken in sequential motion, 
producing a stop-frame film of multiple static images, but in 2D. The benefit is the ability to 
analyze static motion over time, but comes at the cost of a higher radiation exposure. Fluoroscopy 
generates continuous 2D x-ray images, but has the highest radiation exposure of the three, as 
subjects are radiated for the entire duration of exposure.  
Although 2D imaging techniques were advanced for their time, these modalities remain limited in 
many ways. They estimate motion in 3-dimensional (3D) space by measuring changes in 2D length 
of bones (Figure 2.1). Although the estimations are good for gross analysis, and the technology is 
relatively inexpensive and accessible, these techniques cannot accurately capture complex 
morphology and spatial movement of the carpal bones. Error is generated from the overlap of 
multiple bones, and limited ability to capture 6-degrees-of-freedom composite motion in two 
dimensions 17 Additionally, the majority of wrist motion does not occur in orthogonal planes, and 




Figure 2.1: Xray Imaging to Compare Carpal Morphology in Radioulnar Deviation. Two 
separate x-rays taken of the same wrist are used to compare changes in the length of carpal bones 
from ulnar deviation to radial deviation. The change in length of the scaphoid is demonstrated here 
showing flexion as this wrist moves from ulnar to radial deviation. Multiple views would be 
required to infer changes in 3-dimensional space. (Adapted with permission from Garcia-Elias M, 
Ribe M, Rodridguez J, Cots M, Casas J. Influence of joint laxity on scaphoid kinematics. J Hand 






2.1.2  3-Dimensional Imaging with Implantable Trackers 
The limitation of 2D evaluation were superseded by the advent of 3-dimensional (3D) study. 
Three-dimensional kinematic study was approached in one of two ways; the use of implantable 
trackers, and marker-less bone registration discussed in Section 2.1.3. Initially, the use of accurate, 
magnetic or optical trackers which could be implanted into the bone were implemented (Figure 
2.2). The benefit to this modality is high accuracy and the ability to track multiplanar motion even 
in a small bone. Ishikawa et al. used this technique to show the influence of ligament tension on 
movement of the proximal carpal row in the setting of wrist distraction 29. They showed that 
magnetic trackers could accurately track movement with 6-degrees of freedom. They also 
demonstrated that the percentage contribution of the radiocarpal joint to global wrist flexion-
extension decreased more significantly than that of midcarpal motion in wrist distraction, 
demonstrating increased constraint of the proximal intercarpal ligaments. Additionally, in traction 
the dorsal radiocarpal ligament (DRCL) constrained radiolunate flexion more than capsular 
structures. Scaphocapitate (SCL) and scaphotrepezotrapezoid ligaments (STTL) were found to 
induce ulnar deviation of the scaphoid, which became more pronounced in traction. This highlights 
the importance of accounting for soft tissue structures in the study of carpal kinematics. Werner 
and colleagues used implantable trackers in 7 cadavers with simulated motion 28. They were able 
to show that the scaphoid and lunate moved in the same plane of wrist movement, whether in 
flexion-extension motion (FEM), or radioulnar deviation (RUD), but to a lesser degree than the 
global composite motion.  
The main limitation associated with the use of implantable trackers is the morbidity associated 
with them, as they require a separate procedure to implant. This largely limits their use to cadaveric 
study and requires a degree of violation of soft tissue to mount 28. Cadaveric studies, although 
useful, come with their own limitations. They introduce an increased cost associated with 
performing these analyses, and do not allow for in-vivo analysis which take into account muscle 
tone, and soft tissue restraint, or the joint contact pressures created by them. Although in-vitro 
cadaveric study can aim to re-create these forces by retaining as much tissue as possible, and 
pulling force through cross-sectioned forearm tendons; they cannot completely replicate in-vivo 
conditions 18,21,22. In-vitro studies also preclude the ability to study changes in kinematics pre- and 




Figure 2.2: Implantable Trackers Used to Measure Kinematic Motion in Cadaveric Study. 
Trackers are implanted into each individual bone of interest. Displacement of each bone is captured 
by an external sensor and displacement in 3D space is calculated. (Reused with permission by 
Werner FW, Green JK, Short WH, Masaoka S. Scaphoid and lunate motion during a wrist dart 




2.1.3  Marker-less Bone Registration in 3-Dimensional Imaging 
Modalities 
Cross-sectional imaging including both computerized tomography (CT) and magnetic resonance 
imaging (MRI) are non-invasive modalities to study both in-vitro and in-vivo carpal kinematics. 
Three-dimensional computerized tomography (3DCT) based marker-less bone registration was 
first described by Wolfe and Crisco, and provides a non-invasive way to assess in-vivo motion 
with the ability to detect small changes in motion between the carpal bones 21,30 (Figure 2.3). 
Accuracy was cited to be within error of 0.5o of rotation and 0.5 mm of translation, and has been 
reproduced by other investigators 18,21,22. This method also allows multiple methods of kinematic 
analysis including the calculation of a centroid of movement and a helical axis of motion, which 
is further explored in detail in Section 2.3 23. Three-dimensional CT analysis also allows for 
surface mapping and study of joint-contact motion and extrapolation of arthrokinematics by 
analysis in changes of distance between adjacent bones in motion 31,32. This technique was used 
by Sandow et. al 16 to propose the Central Column Theory of wrist kinematics previously discussed 
in Section 1.2.1.5. Kamal and colleagues were also able to use 3DCT to show kinematics of the 
triquetrohamate (TH) joint during dart throwers motion (DTM) during a simulated hammering 
task. They were able to disprove previous ideas of a simple helicoid articulation, and instead 
follows more ellipsoid motion guided by the concave distal ride of the hamate 20.  
Multiple in-vivo 3DCT studies have shown variation in scaphoid and lunate kinematics and axis 
of rotation 23,33,34. Variability appears to be more pronounced in RUD versus FEM 18. These 3DCT 
studies largely point to the main motion of the scaphoid to be within the sagittal plane of flexion-
extension, during all of FEM, RUD and DTM. The direction of scaphoid movement follows that 
of that of the global movement of the carpus 23,33. Additionally, the scaphoid flexes and extends 
more so than the lunate in FEM 18. Rainbow et. al. 31 examined scaphoid, lunate and capitate 
kinematics at the extremes of FEM using marker-less bone segmentation. They showed that at the 
extremes of motion, there is less contribution of the radiocarpal articulations to motion than the 
midcarpal joints, implying that the scaphoid and lunate are further restrained by both the volar 
wrist ligaments as well as impingement on the dorsal ridge of the scaphoid facet 31.   
Three-dimensional CT analysis is a powerful tool, allowing for both analysis of arthrokinematics 
and carpal kinematics in-vivo. Unfortunately, in-vivo 3D scanning still has limitations. The main 
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limitation is the lack of physiologic muscle loading. These studies are inert, and require shuttered, 
interval motion of a joint through an arc of motion. This means a static scan is performed, followed 
by movement to a new position and an additional static scan. This is continued until the entire 
desired arc of motion is captured. Marker-less bone registration with 3DCT scanning, still does 
not account for real-time muscle tone and inertia throughout an arc of motion, and therefore does 
not give the most physiologic representation of carpal kinematics. Dynamic in-vivo scanning 




Figure 2.3: Marker-less Bone Registration as Developed by Crisco et al. Segmentation of each 
frame of a CT scan are used to create 3D meshes of each bone. Neutral models (A) are then 
compared to a dynamic model (B), and degree of displacement in the x, y, z axis is computed based 
on a coordinate system referenced to the distal radius (C).  (Reused with permission by Crisco JJ, 
McGovern RD, Wolfe SW. Noninvasive technique for measuring in vivo three-dimensional carpal 
bone kinematics. J Orthop Res. 1999;17(1):96-100).  
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2.2 4-Dimensional CT in Carpal Kinematic Analysis 
Four-dimensional computerized tomography (4DCT) is an ideal tool for in-vivo analysis of carpal 
kinematics. The fourth dimension is the addition of a real-time arc of motion in addition to the 3D 
information obtained in a static CT scan. This incorporates normal muscle tone and inertia 
throughout motion, and provides the benefit of truly being able to assess for dynamic pathology 
as the wrist is completing functional movements. 35. It may allow earlier diagnosis of truly dynamic 
pathology not evident on static films or scans 36-39. Additionally, it can be used to monitor changes 
in kinematics pre- and post- injury or intervention 40. This technology has become more widely 
available, and comes with several benefits in kinematic evaluation of the wrist. It compares directly 
to 3DCT analysis in terms of its accuracy in detecting small changes in motion, and capturing 
composite out-of-plane motion 27,41. As well, helical axis data can be similarly computed.  This, 
with the added benefit of capturing dynamic, unconstrained motion.  
  
2.2.1  Accuracy & Resolution 
What makes 4DCT ideal compared to MRI analysis for dynamic scanning is its temporal 
resolution, which decreases motion artifact and blurring. Zhao and colleagues 42, demonstrated 
that error measurements were within < 1o of rotation and <0.5mm of translation. They concluded 
that 4DCT has accuracy comparable to static imaging modalities. This has been supported by 
several additional studies. 32,43,44. Although MRI offers excellent spatial resolution, its long image 
acquisition times is neither practical for a clinician’s workflow, nor offers a high enough temporal 
resolution to capture motion without significant blurring 35. Scans can increase temporal resolution 
in two ways. Firstly, by rotating the gantry during scan acquisition, a decrease in scan time and 
blurring is reduced. Unfortunately this method  can also introduce error, especially in motions 
within the same plane as the gantry rotation, but rotating in the opposite direction as the rotation 
of the gantry 22. Secondly, the use of dual gantries has been found to decrease acquisition time and 
temporal resolution, without introduction of similar error 35. There is no definite consensus on 




2.2.2  4DCT Radiation Dose & Safety 
Although concerns could be raised about the safety of prolonged CT exposure required for 
continuous scanning throughout an arc of motion, in reality, radiation exposure during 4DCT has 
been shown to be low. Four-dimensional CT scanners have integrated several technologies aimed 
at decreasing radiation exposure during scanning 40. Studies have shown radiation to be minimal 
with reported average radiation exposure between 0.009 -0.07mSv 32,40,43,45,. This is approximately 
2-15% of normal annual background radiation, and well below the recommended annual limit of 
1 Sv radiation for the general public. Overall, 4DCT has been shown to be a highly efficacious, 
accurate, convenient, and safe tool for analysis of in-vivo carpal kinematics35,42,46. For these 
reasons, foremost of which is its ability to give a true-to-life look at the carpus during real-time 
functional motion, we have chosen to use it as the primary modality to analyze carpal kinematics 
in our study.   
 
2.2.3  Uses of 4DCT to Analyze Carpal Kinematics in Healthy 
Patients to Date 
Four-dimensional CT is a validated tool for the evaluation of carpal kinematics in live, healthy 
patients, and has been increasingly applied to the study of in-vivo carpal kinematics 43,47. 
Edirisinghe and colleagues (2014), used it to describe kinematics of the carpus through out-of-
plane DTM in 7 healthy patients. They found that during DTM, the distal carpal row moved as a 
single segment and the majority of motion occurred through the midcarpal joint, with the lunate-
capitate hinge acting as a pivot point 27. They were also able to characterize the motion arc of the 
trapezium and trapezoid, as well as hamate-triquetrum as hinges, and concluded the axis of rotation 
for DTM was roughly 27 degrees of anteversion and 44 degrees of varus angulation 27. Kelly et. 
al (2018), quantified normal diastasis of the scapholunate interval in both clenched fists and with 
RUD. They found movement between the two bones under those physiologic stresses were 
minimal, with 1.19mm of movement or less between the two bones 48.  
Scapholunate (SL) rotation axis is also of great interest as a target for anatomic repair or 
reconstruction. 4DCT studies have shown that there is minimal motion between the scaphoid and 
lunate in RUD (approximately 8o), but in FEM, the scaphoid rotates approximately 38o relative to 
the lunate, with its axis of rotation along the dorsal ridge 44. This confirms a dorsal reconstruction 
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would be anatomic. In the same study by de Roo et. al. (2019), there was found to be higher degrees 
of variability of rotation RUD, and thus they could not comment on a definitive rotational axis. 
Radio-ulnar deviation of the carpus in patients with suspected scapholunate ligament (SLL) injury 
was further assessed by Rauch and colleagues (2018) by analyzing total arc of motion of the 
radioscaphoid and lunocapitate (LC) articulations. They found reduced LC motion decreased by 
13-44% in patients with SLL injuries 41. They suggest that the decreased motion has a high 
sensitivity (93%) and lower specificity (65%) for detecting SLL injury, and has a synergistic 
function with radioscaphoid motion 41. 
 Most recently, scaphoid, lunate and capitate kinematics were assessed using 4DCT scan by 
Brinkhorst and colleagues (2021). They analyzed 20 healthy patients in FEM and RUD and were 
able to confirm findings of scaphoid and lunate flexion with wrist flexion, and conversely, 
extension when the wrist extends.  All three of the lunate, scaphoid and capitate deviate ulnarly 
during flexion of the wrist, and radially during extension. During RUD, the scaphoid and lunate 
extend when the wrist is ulnarly deviated and flex when the wrist is radially deviated 49. This study 
focused only on the three bones and does not give insight as to the possible hinge or guiding 
mechanisms that may be present at the STT joint or the triquetrohamate articulation. This would 
be better elucidated by quantifying the axis of rotation between bones, to see movement of one 
bone relative to another at each articulation, and where within each bone, those axes cross. To our 
knowledge, our study is the first to describe in-vivo kinematics in terms of individual carpal motion 




2.3 The Use of Helical Axis in Kinematic Study 
 
2.3.1   Helical Axis to Describe Kinematic Motion 
The helical axis, originally described as the rotation axis, is the unique axis on which a body in 
motion translates on and rotates around for a given path of motion 50,51. Helical axis motion (HAM) 
is a method of describing multiplanar motion compared to a previous time point opposed to a 
reference marker, and is comprised of the rotation axis, angle of rotation, translation of an object 
along an axis of rotation and the location of rotation axis in 3-dimensional space 34,52 (Figure 2.4). 
This is in contrast to a 6 degree-of-freedom analysis which decomposes motion into three separate 
translations corresponding to the Cartesian axes, as well as three separate rotation angles around 
said axes 53. Although ultimately both methods can be used to quantify kinematic motion, HAM 
has the advantage of being easier to communicate as it is independent of the Cartesian plane and 
requires fewer values in its description. This is advantageous while studying carpal kinematics as 
it provides a visual representation of motion that can be used to compare the numerous small bodies 
moving along their own unique axes. Intersection points between axes can also be used to see how 
bodies move in relation to each other, independent of a standard reference body.  
 
There are two main types of helical axes described: finite and instantaneous. For finite helical axis 
(FHA), movements are analyzed in discrete steps and the axis of rotation is generated between two 
time points. Instantaneous helical axis (IHA) instead describes the rotation of one body in respect 
to another 52. Although IHA is associated with a physical meaning whereas FHA is a theoretical 
axis, both can be used to determine the center of a body in motion and its axis position. Both 
methods have been found to be mathematically equivalent 54.  HAM is a powerful tool that 
provides a robust and detailed method of quantifying kinematic motion and allows standardized 




Figure 2.4: Depiction of Helical Axis of Rotation of the Scaphoid as Demonstrated by deRoo 
et al. Marker-less bone registration and 4DCT were used to determine helical axis of the scaphoid 
during wrist FEM and RUD. The axis represents the line on which the scaphoid rotates and 
translates on as it moves through 3D space. (Reused with permission by de Roo MGA, Muurling 
M, Dobbe JGG, Brinkhorst ME, Streekstra GJ, Strackee SD. A four-dimensional-CT study of in 
vivo scapholunate rotation axes: possible implications for scapholunate ligament reconstruction. J 





2.3.2  Helical Axis in Joint Kinematics   
HAM has been used to reliably describe kinematic motion in the shoulder, spine, ankle, and knee 
45,55,56.  Although the use of HAM to describe kinematic motion in the body was first applied in 
the 1980s 50, dynamic kinematic analysis using sequential CT scans was first performed by 
Patterson et. al. in 1998 on cadavers with the use of implantable trackers in the wrist 57. 
Subsequently in 1999, the first use of marker-less bone registration was performed using  3DCT 
scans of the carpus in-vivo and provided a non-invasive method of obtaining HAM 21. Although 
these original studies provide a representation of kinematics in motion, they are not truly dynamic, 
as they were obtained with a series of static scans in different positions of motion. Regardless, they 
showed that the HAM could be reliably obtained and used to describe sub-millimetre, multiplanar 
motion 21,50. 
 To date, there have been two in-vivo applications of helical axis data being used to quantify 
carpal kinematics via dynamic 4DCT scans. We have previously discussed Brinkhorst and 
colleagues’ work characterizing scaphoid and lunate kinematics during wrist FEM and RUD in 
Section 2.2.3.  The second study was performed by de Roo et al, in their investigation of kinematic 
motion between the scaphoid and lunate through FEM and RUD 44, They compared not only degree 
of rotation between the two bones, but use the helical axes data to determine where the rotation 
axis intersected each bone. De Roo et al, found that the helical axis between the scaphoid and the 
lunate intersects dorsally, and thus concluded that it was important to reconstruct the SLL in a way 
as to reconstruct that dorsal rotation axes of the SL interval (Figure 2.4)44. Their group suggested 
that any reconstruction that alters the normal kinematic rotation axis between the two bones has 
the potential to limit natural motion of the SL complex and result in worse surgical outcomes. This 
is an important example of how helical axes data can be used to compare kinematic motion at a 
specific articulation, not just in regards to degrees of motion, but also to determine key pivot points 
between two bodies.  
 
To expand on previous work performed using 4DCT to assess kinematics, our work uses helical 
axis to analyze motion beyond the SL interval, and specifically looks at the carpus in its entirety. 
It includes rotation of all 7 carpal bones contributing to FEM, and allows comparison of movement 
at each articulation. This allows quantification of the magnitude of rotation between bones and 




This chapter demonstrates the current technology available for kinematic study and reviews its 
pros and cons. 4DCT analysis provides a dynamic, safe, non-invasive and accurate method of 
kinematic study of the carpus. Additionally, data obtained from 4DCT scans can be quantified by 
allowing calculation of helical axes in order to describe kinematic motion. This allows analysis 
and comparison between bones of the wrist. In Chapter 3, we discuss the methodology employed 
in this work. We elaborate on using 4DCT data to model each carpal bone, generate their helical 





3 Methodology for in-Vivo Carpal Kinematic 
Analysis using 4-Dimensional CT Acquisition 
 
 
This chapter presents the methodology used to conduct kinematic analysis of in-vivo carpal motion 
through a wrist flexion-extension arc of motion. Detailed description of participant recruitment, 
CT image acquisition protocol, and creation of 3D carpal bone reconstructions is provided. 
Additionally, this chapter elaborates on the generation of instantaneous helical axes to quantify 
rotation for each carpal bone throughout flexion-extension motion- the output variable for overall 
carpal bone kinematic analysis in this study.  
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3.1 Image Acquisition and Scanning Protocol 
Western University Research Ethics Board (REB) approval was obtained for participant 
recruitment and experimental protocol (REB 111702) and complied with the Declaration of 
Helsinki of 1975, revised 2000. Healthy participants were recruited on a volunteer basis from the 
local population via newspaper advertisement. Participant recruitment was performed on a 
prospective basis, to allow the creation of a database of volunteer scans. Inclusion criteria included 
participants 18 years of age or older with no previous history of wrist injury or surgical 
interventions. Written and informed consent was obtained from all participants undergoing the 
scanning protocol. Participants were retrospectively excluded from analysis for this study if there 
was radiographic evidence of carpal arthritis or previous injury to the distal radius, carpal bones 
or carpal ligaments.  
 
3.1.1  Pre-Scanning Protocol  
Participants were donned with appropriate radiation safety equipment including lead apron, 
thyroid shields and lead eyeglasses. Patients were positioned prone with their dominant arm 
outstretched overhead so that only the wrist of interest was within the scanning field. This allowed 
freedom of wrist motion while decreasing radiation exposure to the thorax and abdomen. Neutral 
alignment was chosen as the starting position prior to any motion, and physical starting position 
in three-dimensional space was standardized for all participants.   
 
3.1.2   4DCT Image Acquisition and Scanning Protocol 
Unilateral, dynamic 4-dimensional computed tomography (4DCT) imaging was performed of the 
dominant wrist of each participant using a Computerized Tomography (CT) scanner (Revolution 
CT Scanner, General Electric Healthcare, Waukesha, Wisconsin, USA). The scanning protocol 
used in this study has been previously developed and routinely used for 4DCT image acquisition 
46. Scanning was performed at 80kV, 125 effective mA, axial scans and 0.35 s rotation time.  
Effective scanning volume for our scanner was 16cm3. This area was configured as 128, 1.25mm 
thick slices, repeatedly scanned at 0.35 s intervals over 24.5 second duration for a total of 70 
volumes at 2.86 Hz. This produced a voxel size of 0.625 x 0.625 x 1.25mm. This resolution was 
sufficient for capture of the anatomic area of interest without significant noise. The scanning area 
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was able to capture the carpal bones, proximal metacarpals, distal radius and distal ulna.  Initial 
localizing scan was performed to ensure that the carpus was captured and centered within the 
effective scanning area prior commencement.  
 
Participants underwent an initial static CT scan with the wrist in neutral alignment. This was 
followed by three kinematic scans, each capturing a single pass of wrist motion. The first pass 
scanned the wrist from full extension to full flexion, encompassing the extremes of possible wrist 
motion for each individual participant. The second pass captured the return pass from full wrist 
flexion to full wrist extension. The wrist was once again brought from full extension back to full 
flexion to complete the final pass. The duration of each pass lasted 8.75 seconds, and produced 25 
stop frames of motion for analysis. A video demonstration the desired flexion-extension motion 
(FEM) arc was played to participants throughout scanning, with the goal of demonstrating the 
desired wrist motion, as well offering a target tempo of 22o/second for participants to mimic. This 
ensured that participants completed motion cycles at a similar rate throughout scanning.  
 
3.1.3   Radiation Exposure 
Total exposure time for the three kinematic passes was 24.5 s total for all three passes. This resulted 
in a dose length product (DLP) of 713.64 [mGY-cm]. This is equivalent to a total skin dose of 
0.067 Gy; less than 10x lower than the threshold for skin erythema from radiation exposure (2 Gy). 
Additionally, scatter radiation dose measured under the patient’s lead apron was 0.013 mSv, and 
is used as a surrogate marker for total body radiation received by the patient during the study. 
Scatter dose radiation was deemed to be negligible as the annual background radiation received by 
an average person is 3mSv, a value 231 times higher than their exposure in this study.  
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3.2 Scan Processing and Data Analysis 
Scans were preliminarily reviewed to determine appropriateness for reconstruction and further 
analysis. Participant scans were excluded if there was any radiographic evidence of prior injury or 
surgery within the wrist and carpus. Younger participant scans were preferentially selected for 
analysis to mitigate the chance of unidentified arthritis or injury. Ten participants were included 
in the analysis.  
 
3.2.1   3D Image Reconstruction and Modelling 
Volumetric images were visualized in 3D Slicer (open-source software version 4.11.0; 
https://www.slicer.org). This allowed visualization of the entire 3D carpus over 25 frames of 
motion for each pass. Global Carpal Flexion Angle (GCFA) was defined as the angle subtended a 
line through the longitudinal axis of the capitate, and a line through the longitudinal axis of the 
distal radius on the midsagittal CT cut (Figure 3.1). It represents the degree of flexion of extension 
of the carpus, compared to a stationary radius during FEM and allows definition of the total amount 
of wrist flexion or extension at any position. Using this angle, frames of interest were identified 
for reconstruction and registration. Initially, the neutral frame was identified, in which the 
longitudinal axes of the capitate and distal radius were parallel. Frames of interest were chosen at 
10o increments between 40o of wrist extension to 40o of composite wrist flexion. Degrees of wrist 
extension were represented by negative angles, and conversely, positive angles represented 
degrees of wrist flexion. Two complete passes were included in analysis, completing a full motion 
from full wrist extension to full wrist flexion and back to full extension. 
 
Three-dimensional modelling was then generated for each the capitate, hamate, trapezoid, 
triquetrum, scaphoid, lunate, triquetrum, 3rd metacarpal (3MC) and distal radius for each of the 
identified frames of interest. Using Mimics software (Version 22.0, Materialise NV, Leuven, 
Belgium) bones were segmented using a semi-automated segmentation method, in which a 
threshold value was manually selected in order to differentiate bone from the surrounding cartilage 
and soft tissue. Subsequently, each bone underwent refinement using manual segmentation to 
optimize accuracy of modelling. Finally, a median smoothing filter was applied with a kernel size 
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Figure 3.1: Identifying Global Carpal Motion and Frames of Interest During Wrist FEM. 
Global Carpal Flexion Angle (GCFA), defined as the angle subtended by a line bisecting the 
capitate and a line bisecting the distal radius on a mid-sagittal CT cut, are demonstrated for frames 
of interest. The neutral frame (0o, green line), where the GCFA = 0, was identified first. Frames of 
interest were identified in 10 degree increments from 40 degrees of extension to 40 degrees of 
flexion. Extension angles are represented in blue, and flexion angles in red.   
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3.2.2  Registration and Helical Axes 
Three-dimensionally reconstructed bones (scaphoid, lunate, triquetrum, trapezium, trapezoid, 
hamate, capitate, distal radius and 3MC) were registered in 3D Slicer using Besl and Mackay 
surface-based registration, in which an iterative closest point (ICP) algorithm is used to identify 
correlation of surfaces of best-fit 58. Static models for each bone were registered to their 
corresponding kinematic models. In cases where surface-based registration generated inadequate 
registration, a previously developed python code with a two-step registration process using 
landmark plus ICP. Registration output produced resultant transformation matrices representative 
of the 3D displacement of the bone from its neutral position to its position at each kinematic model.  
Of note, a significant proportion of third metacarpals could not be reliably registered secondary to 
motion artifact, and were excluded from registration.  
 
The helical axis of motion (HAM) of a body in motion is the axis on which that body translates 
and rotates on between two points in time. It allows characterization of kinematic motion without 
definition according to a traditional x, y, z coordinate system 52. A detailed description of HAM is 
provided in Section 2.3.1. The instantaneous helical axis (IHA) describes the rotation of a body in 
relation to another body 52. In this study, IHA was used and carpal bones were compared to the 
stationary radius.  Transformation matrices were inputted into an adapted MATLAB (Version 
2020a, The MathWorks Inc., Natick, Massachusetts, USA) code. The resultant output was the 
degree of rotation of given carpal bone, in  the  sagittal plane  of the distal radius at each point in 
motion.   In order to standardize outputs between participants, a global coordinate system within 
the radius was employed in accordance with the International Society of Biomechanics (ISB) 
standards 59. Neutral alignment was assigned as 0 degrees of rotation referenced in relation to a 
coordinate system generated from the neutral position of the corresponding participant’s distal 
radius. Degrees of sagittal rotation in extension were assigned a negative value, whereas degrees 
of sagittal rotation in flexion were assigned a positive value.  Figure 3.2 provides an example of 
computation of a helical axis of the scaphoid and lunate bones, with red shading representing the 
neutral position of the bone, and the blue shading showing the position of a single participant at 




Figure 3.2: Visual Representation of Helical Axis of the Scaphoid, Lunate and Distal Radius 
from Neutral to 40 Degrees of Wrist Extension. The helical axis of rotation of the scaphoid and 
lunate as they move from neutral (red shading), to 40o of wrist extension (blue shading), is 
represented by the black line vectors, crossing through each bone. This is the line on which each 
bone rotates around in space. The most superior line is the helical axis of the scaphoid, the middle 
line corresponds to the lunate and a third, most inferior line corresponds to the distal radius. The 
trajectory of these helical axes run in 3D space, and is shown in the sagittal (a), oblique (b), and 
coronal (c) planes.  
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3.2.3   Statistical Analysis 
Sagittal rotation of each carpal bone from neutral alignment was expressed in degrees (o). Mean 
values and variability was calculated for each bone of study (n=10). A two-way, repeated-measures 
ANOVA was first used to identify differences in mean displacement through FEM for each bone 
at each position.  Dunnett T3 test was used for post-hoc comparison of each bone by wrist position 
throughout FEM. Statistical significance was set at p < 0.05, 95% CI.  
 
Bones with statistically similar rotation were organized into a single kinematic block. This resulted 
in four separate kinematic blocks, of which the bones within each block had no significant 
difference in their displacement at each wrist position through FEM. Mean displacement of each 
bone within a block was averaged, producing a composite mean displacement of the entire block. 
This was performed for each position of motion in the FEM arc. For example, the lunate and 
triquetrum had no statistical difference in displacement at any point in motion and were aggregated 
to form a single group, exclusive of the remaining carpal bones. The mean displacement of the 
lunate and triquetrum was averaged at each position in motion, to generate the composite 
displacement of the entire block. A subsequent two-way repeated measures ANOVA was 
performed on the composite means for each block, in order to analyze the difference in mean 
displacement between the defined blocks throughout FEM. Once again, a Dunnett T3 test was used 
for post-hoc comparison of mean bone position by wrist position throughout FEM. Statistical 
significance was set at p < 0.05, 95% CI. 
 
3.2.4  Inter-Joint Distance Analysis 
A subsequent joint contact analysis of the trapeziotrapezoid joint and the scaphotrapezial joints 
were performed based on the results of our statistical analysis. The methods are consistent with 
and have been previously described in detail, and validated by Lalone et al60. Surface maps 
previously generated by ICP registration as described in Section 3.2.2, were used, and distances 
between bones at individual joints were quantified using a mean measurement of the closest 
surface points between the articulating surfaces of the two joints of interest. Distance 
measurements were converted to colour maps for qualitative visual analysis of motion at each joint 












4.1 Participant Demographics 
Demographic details of participants are summarized in Table 4.1. A total of 10 participants, 3 
male and 7 female, were included with a mean age of 24. All patients were right-hand dominant, 
and had their right hand scanned for this investigation. All patients were healthy with no previous 
hand or wrist injury, surgical intervention, or identifiable degenerative arthritis on review of scans.  
Table 4.1: Demographic Summary of Participants. Demographic information by participant. A 
total of 10 participants were included for study with a mean age of 24. There were 3 males and 7 
females. All participants were right-hand dominant and had their right wrist scanned and analyzed.   
Participant ID Age Sex Scanned (Dominant) 
Hand 
13 23 Female Right 
28 24 Female Right 
29 25 Female Right 
41 24 Male Right 
44 27 Male Right 
51 22 Male Right 
52 35 Female Right 
53 18 Female Right 
54 22 Female Right 
58 22 Female Right 




4.2 Degree of Flexion-Extension Around Carpal Bone 
Through FEM 
Mean sagittal rotation (flexion/extension) of each carpal bone through each position in FEM is 
detailed in Table 4.2.1 and 4.2.2. Rotation is represented in degrees of flexion compared to the 
radius with positive numbers representing bone flexion, and negative numbers representing bone 
extension.  The capitate rotation with respect to the radius was used to define the Global Composite 
Flexion Angle (GCFA) representing global wrist flexion and as a result, its motion is equivalent 
to global wrist position at 100% (SD = 2.4o). Of the remaining bones in the distal carpal row, the 
Hamate and the Trapezoid moved with the capitate, and rotated 99% (SD = 3.9o), and 102% (SD 
= 3.7o) respectively.  The trapezium moved slightly less at 95% of global wrist motion (SD = 2.9o). 
The scaphoid rotates 87% of global wrist motion, with an average SD between participants of 2.8o. 
This is compared to the lunate and the triquetrum which rotate 63% (SD = 4.9o), and 70% (SD = 
4.4o) of global wrist motion respectively. Comparisons of degree of rotation of each bone by wrist 
position is shown in Figures 4.1.1 and 4.1.2. 
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Table 4.2.1: Rotation in Degrees of Carpal Bones from Wrist Extension to Flexion. Mean sagittal rotation (flexion/extension) of 
each bone is expressed in degrees ± SD in relation to the stationary radius (n =10). Rotation is presented in 10-degree intervals of wrist 
motion from 40 degrees of wrist flexion to 40 degrees of wrist flexion. Negative values represent rotation in extension, and positive 
values rotation in flexion.   
 Global Wrist Position in Degrees 
 -40 -30 -20 -10 0 10 20 30 40 
Carpal 
Bone 
Mean Flexion Around Helical Axis ± SD (Degrees) 
Scaphoid -35.7 ± 3.5 -26.0 ± 3.2 -16.2 ± 3.1 -8.8 ± 3.5 0.0 ± 0.0 8.0 ± 2.18 17.8 ± 2.5 25.8 ± 3.4 33.7 ± 3.6 
Lunate -22.9 ± 9.8 -17.5 ± 7.6 -11.4 ± 4.9 -7.1 ± 3.8 0.0 ± 0.0 6.3 ± 2.4 10.5 ± 3.7 16.0 ± 5.1 20.9 ± 6.6 
Capitate -39.9 ± 2.1 -28.71 ± 1.8 -18.21 ± 1.4 -9.1 ± 2.2 0.0 ± 0.0 8.8 ± 2.6 20.3 ± 2.8 30.2 ± 3.1 40.0 ±3.5 
Hamate -40.0 ± 2.5 -29.3 ± 3.8 -17.9 ± 3.1 -9.5 ± 3.8 0.0 ± 0.0 9.1 ± 3.3 20.2 ± 4.2 29.0 ± 4.7 39.6 ± 4.3 
Triquetrum -27.4 ± 7.5 -20.0 ± 6.4 -12.9 ± 4.6 -7.7 ± 4.6 0.0 ± 0.0 6.6 ± 2.7 12.3 ± 4.7 19.0 ± 6.4 22.3 ± 6.7 
Trapezium -40.6 ± 3.4 -28.6 ± 1.9 -18.3 ± 3.3 -10.3 ± 4.8 0.0 ± 0.0 8.3 ± 2.8 18.2 ± 3.0 26.8± 2.4 34.6 ± 2.9 
Trapezoid -40.8 ± 3.1 -28.0 ± 2.0 -18.6 ± 3.4 -10.9 ± 4.1 0.0 ± 0.0 9.3 ± 3.7 19.0 ± 5.9 30.0 ± 3.9 37.5 ± 5.7 
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Table 4.2.2: Rotation in Degrees of Carpal Bones from Wrist Flexion to Extension. Mean sagittal rotation (flexion/extension) of 
each bone is expressed in degrees ± SD in relation to the stationary radius (n=10). Rotation is presented in 10-degree intervals of wrist 
motion from 40 degrees of wrist flexion to 40 degrees of wrist extension. Negative values represent rotation in extension, and positive 
values rotation in flexion.
 Global Wrist Position in Degrees 
 40 30 20 10 0 -10 -20 -30 -40 
Carpal 
Bone 
Mean Flexion Around Helical Axis (Degrees) +/- SD 
Scaphoid 31.2 ± 5.3 23.2 ± 2.9 16.1 ± 4.5 9.0 ± 2.9 0.0 ± 0.0 -9.1 ± 2.8 -17.2 ± 4.1 -28.5 ± 4.0 -36.8 ± 2.8 
Lunate 20.4 ± 7.3 15.0 ± 5.7 10.5 ± 5.8 6.4 ± 2.9 0.0 ± 0.0 -6.4 ± 2.6 -12.2 ± 4.2 -18.7 ± 6.9 -24.0 ± 7.2 
Capitate 40.3 ± 2.7 29. ± 2.53 19.4 ± 3.8 9.8 ± 2.2 0.0 ± 0.0 -10.9 ± 3.3 -19.8 ± 2.8 -30.6 ± 3.2 -40.6 ± 3.3 
Hamate 39.5 ± 5.0 29.0 ± 3.1 18.9 ± 5.4 10.2 ± 3.4 0.0 ± 0.0 -11.1 ± 3.7 -20.3 ± 3.8 -31.6 ± 4.9 -40.5 ± 3.3 
Triquetrum 21.1 ± 7.1 16.7 ± 5.9 12.1 ± 4.7 6.76 ± 2.7 0.0 ± 0.0 -8.6 ± 2.0 -14.8 ± 2.4 -21.5 ± 4.7 -28.8 ± 5.5 
Trapezium 34.9 ± 2.9 26.9 ± 2.8 17.6 ± 3.9 9.3 ± 1.7 0.0 ± 0.0 -11.0 ± 4.4 -20.1 ± 3.8 -31.5 ± 4.2 -41.2 ± 3.1 
Trapezoid 40.2 ± 2.8 31.7 ± 3.8 20.8 ± 3.9 13.1 ± 4.3 0.0 ± 0.0 -10.7 ± 4.1 -19.3 ± 5.1 -31.5 ± 6.6 -39.5 ± 4.1 
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Figure 4.1.1: Rotation of Each Carpal Bone from Wrist Extension to Flexion. Comparison of mean sagittal rotation (degrees) by 
carpal bone at each position from 40 degrees of wrist extension to 40 degrees of wrist flexion (n=10). Capitate motion represents global 
wrist motion with negative values representing extension positioning, and positive values representing flexion positioning. Error bars 
depicted represent standard deviation (degrees). Three distal carpal row bones (Capitate, Hamate and Trapezoid) mirror displacement 




Figure 4.1.2: Rotation of Each Carpal Bone from Flexion to Extension. Comparison of mean sagittal rotation (degrees) by carpal 
bone at each position from 40 degrees of wrist flexion to 40 degrees of wrist extension (n=10). Capitate motion represents global wrist 
motion with negative values representing extension positioning, and positive values representing flexion positioning. Error bars depicted 




4.3 Grouping of Carpal Bones by Kinematic Blocks Based 
on Degree of Rotation Through FEM 
Sagittal rotation motion (flexion/extension) of each bone was plotted by global wrist position and 
compared to each other through each of the two passes (Figures 4.2.1, 4.2.2, 4.2.3, 4.3.4) in order 
to visualize rotation over motion. In the first pass from wrist extension to flexion, the capitate, 
hamate and trapezoid move together and contribute rotation, equivalent to global wrist motion 
(Figure 4.2.1). Mean rotation in degrees ± SD overlapped at every position in motion and thus 
they were deemed to rotate together through the entire arc of motion, this is also seen in the second 
pass from wrist flexion to extension (Figure 4.2.2). Additionally, the lunate and the triquetrum 
move together throughout the arc of motion (Figures 4.2.3 & 4.2.4). The scaphoid rotates to a 
lesser degree than the distal carpal bones, but more than the lunate and triquetrum. The motion of 
the trapezium is unique throughout the full arc of motion. In extension, the trapezium moves with 
the bones of the distal carpal row. Interestingly, in flexion, it diverges from the distal carpal row, 
and appears to follow the rate of flexion seen in the scaphoid. Similarly in the second pass of 
motion from wrist flexion to wrist extension, it moves with the scaphoid in flexion but differs in 
extension where it travels with the other bones of the distal carpal row (Figure 4.2.1, Figure 4.2.3). 
The same trend is seen in the second pass of motion from wrist flexion to wrist extension (Figure 
4.2.2, Figure 4.3.4). These plots allowed division of carpal bones into 4 main kinematic units in 
FEM: the distal block (capitate, hamate, trapezoid), the proximal block (lunate and triquetrum), 




Figure 4.2.1: Rotation of the Distal Carpal Row Bones from Wrist Extension to Flexion. Mean 
sagittal rotation (flexion/extension) of the distal carpal row bones in degrees during the first pass 
of wrist motion is shown (n=10). Negative values represent extension positions, and positive 
values flexion positions. At the beginning of motion, the trapezium moves with the remainder of 
the distal carpal row (capitate, hamate and trapezoid). It deviates from the remainder of the row in 




Figure 4.2.2: Rotation of the Distal Carpal Row Bones from Wrist Flexion to Extension. Mean 
sagittal rotation (flexion/extension) of the distal carpal row bones in degrees during the second 
pass of wrist motion is shown (n=10). Negative values represent extension positions, and positive 
values flexion positions. The trapezium (purple) starts at a lesser degree of flexion the remainder 
of the row (capitate, hamate and trapezoid). Their degree of flexion converges as the wrist moves 






Figure 4.2.3: Rotation of Each Carpal Bone from Wrist Extension to Flexion. This graph 
depicts the mean sagittal rotation (flexion/extension) in degrees, and the rate of flexion-extension 
rotation of the trapezium, scaphoid, triquetrum and lunate from wrist extension to wrist flexion 
(n=10). Negative values represent extension positions, and positive values flexion positions. 
Capitate motion represents global wrist position. The trapezium (purple), follows the capitate in 






Figure 4.2.4: Rotation of Each Carpal Bone from Wrist Flexion to Extension. This graph 
depicts the mean sagittal rotation (flexion/extension) in degrees, and rate of flexion-extension 
rotation of the trapezium, scaphoid, triquetrum and lunate from wrist flexion to wrist extension 
(n=10). Negative values represent extension positions, and positive values flexion positions. 
Capitate motion represents global wrist position. As in the first pass of wrist motion from extension 
to flexion, the trapezium (purple), follows the scaphoid in flexion, and the capitate in extension. 





Figure 4.3: Division of Carpal Kinematic Blocks: This figure depicts the distal radius and the 7 
carpal bones analyzed. Carpal bones are divided into four kinematic blocks with bones within the 
same block displaying the same kinematics of rotation around their helical axes during FEM. The 
blocks are: the distal block (blue) comprised of the capitate, hamate and trapezoid, the proximal 
block (green) comprised of the lunate and triquetrum, the scaphoid block (red) and the trapezial 
block (yellow).  
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4.4 Analysis of Kinematic Blocks 
Sagittal rotation (flexion/extension) of bones within each block were averaged to determine the 
mean rotation of each block. Mean rotation of each block for each pass is presented in detail in 
Tables 4.3.1 and 4.3.2. Repeated-measures ANOVA showed significant difference in kinematic 
motion between the distal block, proximal block, and scaphoid block (95% confidence interval) 
(Table 4.4). Pair-wise comparisons between blocks confirm statistically individual blocks of 
motion (p<0.05) (Appendix 3). Confidence intervals show the trapezial block is not statistically 
different than the scaphoid block or the distal block, despite the distal and scaphoid block being 
statistically different from each other. Kinematic motion of each block, from extension to flexion 
is depicted in Figures 4.4.1, 4.4.2 and 4.4.3.  
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Table 4.3.1: Mean Sagittal Rotation in Degrees of Each Kinematic Block from Wrist Extension to Flexion (n=10). Negative values 
represent rotation in extension, and positive values rotation in flexion. 
Table 4.3.2: Mean Sagittal Rotation in Degrees of Each Kinematic Block from Wrist Flexion to Extension (n=10). Negative values 
represent rotation in extension, and positive values rotation in flexion. 
 Global Wrist Position in Degrees 
 40 30 20 10 0 -10 -20 -30 -40 
Kinematic 
Block 
Mean Flexion Around Helical Axis (Degrees) +/- SD 
Distal -40.0 ± 2.4 -28.87 ± 2.7 -18.3 ± 2.7 -9.7 ± 2.9 0.0 ± 0.0 9.0- ± 3.2 20.1 ± 4.4 29.9 ± 3.9 39.2 ± 4.3 
Proximal -25.1 ± 8.8 -18.8 ± 6.8 -12.2 ± 4.7 -7.4 ± 3.9 0.0 ± 0.0 6.3 ± 2.5 11.4 ± 4.2 17.5 ± 5.8 21.6 ± 6.5 
Scaphoid -35.7 ± 3.6 -26.0 ± 3.3 -16.2 ± 3.1 -8.8 ± 3.5 0.0 ± 0.0 8.0 ± 2.2 17.8 ± 2.5 25.8 ± 3.4 33.7 ± 3.6 
Trapezial -40.62 ± 3.4 -28.6 ± 1.9 -18.3 ± 3.3 -10.3 ± 4.8 0.0 ± 0.0 8.3 ± 2.8 18.2 ± 3.0 26.8 ± 2.4 34.6 ± 2.9 
 Global Wrist Position in Degrees 
 40 30 20 10 0 -10 -20 -30 -40 
Kinematic 
Block 
Mean Flexion Around Helical Axis (Degrees) +/- SD 
Distal 39.7 ± 3.7 30.0 ± 3.3 19.9 ± 4.3 11.0 ± 3.4 0.0 ± 0.0 -10.9 ± 3.8 -19.8 ± 3.8 -31.4 ± 4.6 -40.3 ± 3.3 
Proximal 20.7 ± 7.0 15.9 ± 5.7 11.3 ± 5.2 6.6 ± 2.8 0.0 ± 0.0 -7.5 ± 2.5 -13.5 ± 3.6 -20.1 ± 6.0 -26.4 ± 6.7 
Scaphoid 31.2 ± 5.4 23.2 ± 2.9 16.1 ± 4.3 9.0 ± 2.9 0.0 ± 0.0 -9.1 ± 2.8 -17.2 ± 4.1 -28.5 ± 4.0 -36.8 ± 2.8 
Trapezial 34.9 ± 2.9 26.9 ± 2.8 17.6 ± 3.9 9.33 ± 1.7 0.0 ± 0.0 -11,0 ± 4.4 -20.1 ± 3.8 -31.5 ± 4.2 -41.2 ± 3.1 
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Table 4.4: Repeated-Measures ANOVA for Differences in Mean Rotation (Degrees) Between 
Kinematic Blocks. Statistical analysis of difference between mean motion of each kinematic block 
reveals three main distinct blocks (distal, proximal and scaphoid). All values shown are in degrees. 
The trapezial block is statistically similar to the distal and scaphoid blocks (p<0.05), with 
overlapping confidence intervals, despite those blocks being significanly different from each other. 





95% Confidence Interval 
Pass 1     
 Distal 21.7 0.3 21.0 – 22.3 
 Proximal 13.4 0.4 12.6 – 14.2 
 Scaphoid 19.5 0.6 18.3 – 20.6 
 Trapezial 20.8 0.6 19.6 – 21.9 
Pass 2     
 Distal 22.616 0.366 21.9 – 23.4 
 Proximal 13.844 0.436 13.0 – 14.7 
 Scaphoid 19.039 0.634 17.8 – 20.3 




Figure 4.4.1: Coronal Visualization of Kinematic Blocks During FEM. 3D reconstruction of 
carpal motion during FEM from 40 degrees of extension to 40 degrees of flexion is shown for a 
single representative participant. The carpus is divided by kinematic blocks including the distal 





Figure 4.4.2: Superior-Oblique Visualization of Kinematic Blocks During FEM. 3D 
reconstruction of carpal motion during FEM from 40 degrees of extension to 40 degrees of flexion 
is shown for a single representative participant. The carpus is divided by kinematic blocks 





Figure 4.4.3: Coronal Visualization of Kinematic Blocks During FEM. 3D reconstruction of 
carpal motion during FEM from 40 degrees of extension to 40 degrees of flexion is shown for a 
single representative participant. The carpus is divided by kinematic blocks including the distal 
block (blue), proximal block (green), scaphoid block (red), and trapezial block (yellow).  
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4.5 Joint Distances Around the Trapezial Block 
Statistical analysis showed differential motion of the trapezial block, which followed the distal 
block in extension and the scaphoid block in flexion. To better understand the kinematic motion 
around the trapezium, colour maps of inter-joint distances between adjacent articulating bones 
were created using the surface reconstructions of the bones. The area of contact between the 
trapezium and trapezoid is relatively stable through a single pass of motion, with minimal increase 
or decrease in contact distance. This shows there is no distraction or compression in the joint. The 
area of contact does translate slightly on the trapezoid, showing there is differential rotation 
between the two bones (Figure 4.5.1). The same analysis at the scaphotrapezial joint shows a 
progressive decrease in inter-joint distance with progressive wrist flexion, as the trapezium moves 
closer to the scaphoid (Figure 4.5.2). The contact proximity increases more volarly at the 
articulation, indicating flexion at the joint as the wrist moves into flexion.  
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Figure 4.5.1: Inter-Joint Distance at the Trapeziotrapezoid Joint Through FEM. Colour maps 
display distance (mm) between bones at the trapeziotrapezoid joint in a single pass FEM motion 
from 40 degrees of wrist extension to 40 degrees of wrist flexion. These maps are generated from 
a single representative participant. Both sides of the joint are shown including the trapezoid facet 
of the trapezium (A), and the trapezial facet of the trapezoid (B). Values in each box represent 
wrist position, with negative values representing extension positions and positive values 
representing flexion positions. Inter-joint distance remains relatively consistent throughout the 
entire arc of motion showing only rotational motion between the bones. Movement in the area of 
contact between the two bones throughout motion, confirm subtle, but differential rotation.   
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Figure 4.5.1: Inter-Joint Distance at the Scaphotrapezial Joint Through FEM. Colour maps 
display distance (mm) between bones at the scaphotrapezial joint in a single pass FEM motion 
from 40 degrees of wrist extension to 40 degrees of wrist flexion. These maps are generated from 
a single representative participant.  Both sides of the joint are shown including the distal 
articulating facet of the scaphoid (A), and the scaphoid facet on the trapezium (B). Values in each 
box represent wrist position, with negative values representing extension positions and positive 
values representing flexion positions. Inter-joint distance progressively decreases between the two 
bones as the wrist is brought from extension to flexion. This is seen more volarly at the scaphoid 






5  General Discussion & Conclusions 
In this final chapter, we will review the objectives and hypothesis of this study and summarize our 
results. A comparison to current carpal kinematic understanding in the literature is set forth, and 
conclusions of this work are presented. Strengths, weaknesses and implications of this work are 
discussed in addition to future directions of study.  
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5.1 Overview and Discussion of Results 
The primary objectives of this work were to: 
a) Quantify the degree and direction of sagittal rotation of each carpal bone during Flexion-
Extension Motion (FEM) by using helical axes data. 
b) Identifying bones which move together and can be grouped into a single kinematic body 
and defined as “blocks”. 
c) Quantify degree of motion between blocks during FEM by using helical axes data. 
Within our study, we were able to quantify wrist kinematics for the entirety of the carpus during 
FEM and identify functional kinematic blocks. Firstly, we were able to quantify the degree and 
direction of flexion-extension motion during FEM using helical axis data. Our data was consistent 
with previous data regarding flexion movement of the carpal bones. As the wrist flexed, each bone 
flexed, and as the wrist extended, each bone extended. The hamate, capitate and trapezoid were 
each found on average to flex approximately 100% of the Global Composite Flexion Angle 
(GCFA) when compared at each wrist position.. As the capitate was the marker for measurement 
of the GCFA its flexion angle was used to calculate the GFCA at each position as highlighted in 
Section 3.2.1 (Figure 3.1), and constituted 100% of GFCA (SD = 2.4o). The hamate flexed 99% 
(SD = 3.4o), and the trapezoid 102% (SD = 3.7o). Studies have shown that there is minimal motion 
between the capitate and the 3rd metacarpal (3MC), allowing the capitate to be used a surrogate for 
GCFA61. We found that the lunate flexed on average 63% (SD = 4.9o) the amount of the capitate, 
higher than observed in previous studies that reported a range from 45 to 70 percent 17,31,33. These 
studies found a greater amount of lunate rotation in extension (65% of GCFA) and a lesser degree 
of lunate rotation in flexion (45% of GCFA)17. We did note a similar trend with flexion angles 
being slightly lower in the lunate, but it was within the range of standard error (Tables 4.2.1 & 
4.2.2). Similarly, the scaphoid was found to rotate 87% (SD = 2.8o) of GCFA, which has also been 
cited in the current body of literature between 70-100%26,31. It has been highlighted that the 
scaphoid has variable kinematic motion between individuals18,25 . Our findings did not see this 
variability between participants, with a mean SD of 2.79o. This is likely due to the fact that 
scaphoid variability was largely noted in radioulnar deviation (RUD) motions, and this study 
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looked exclusively at FEM in which scaphoid motion has been shown in the literature to be more 
predictable18,26.  
Our findings differ from the literature to date in regards to the separation of the trapezium from 
the distal carpal row. Previously it has been thought that the trapezium is a rigid body with the 
hamate, capitate and trapezoid in the distal carpal row17,62,63. In full flexion, the trapezium on 
average flexed 95% (SD = 2.85o) of the GCFA, which suggests some modulation effect from the 
dorsal scaphotrapeziotrapezoid (STT), ligaments and differential motion between the trapezium 
and the trapezoid in flexion. In extension, we found that the trapezium had the same degree of 
rotation as the remainder of the distal carpal row, implying some degree of increased laxity of the 
volar STT ligaments compared to the dorsal side. Although subtle, motion was present between 
the trapezoid and trapezium during FEM. This motion was found to be entirely rotational with no 
observable change in the inter-joint distance through the complete arc of motion (Figure 4.5.1). 
The separation of the trapezial block from the distal carpal row may also be related to the 
independent mobility of the 1st ray and thumb compared to the adjacent rays regardless of the 
position of the wrist. For example, even in a flexed grip position, the thumb and 1st metacarpal are 
able to flex and extend and independently posture from the remainder of the metacarpals, which 
may not be exclusively derived from the 1st carpometacarpal (CMC) joint. Clinically the 
differential motion of the trapezial block supports selective fusion of not only the scaphotrapeziod 
and scaphotrapezial joints in isolated STT joint arthritis, but also fusion of the trapeziotrapezoid 
(TT) joint as we’ve demonstrated subtle but significant differential motion at that joint. Failure to 
address all three articulations may result in residual pain following STT fusion surgery.  
Based on our analysis of which bones moved as a unit through FEM, we were able to divide the 
carpus into 4 distinct blocks: distal, proximal, scaphoid and trapezial (Figure 4.3, Table 4.4). Each 
of the distal (trapezoid, capitate, hamate), proximal (lunate, triquetrum) and scaphoid blocks were 
found to be statistically different from each other, with non-overlapping confidence intervals 
(Table 4.4). Degrees of motion of each of the blocks were quantified and can be reviewed in 
Tables 4.3.1 & 4.3.2. The trapezial block was distinct as it was influenced by both the distal carpal 
block as well as the scaphoid block. Its confidence interval overlapped with both the scaphoid and 
the distal blocks, but the scaphoid and distal blocks remain distinct from each other with non-
overlapping confidence intervals (Table 4.4).  This also supports the paring of a 3-corner fusion, 
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with scaphoidectomy and triquetrectomy, in order to fuse moving articulations, and remove the 
triquetrohamate (TH) articulation. Short and mid-term results of a scaphoidectomy and bicolumnar 
fusion and 3-corner fusion with scaphoidectomy and triquetrectomy have been similar64,65. Our 
data suggests this is likely because both address all movement between kinematic blocks via either 
excision or fusion.  
Our secondary objective was to compare our kinematic findings to currently accepted theories of 
carpal kinematics, to offer support or rebut these theories. We were able to partition the carpus 
into kinematic blocks with articulations between blocks being the primary sites of motion through 
FEM. The prevalent theories of carpal kinematics may be reviewed in Section 1.2.1. Our findings 
are not consistent with the column theory as our kinematic blocks do not follow a column-like 
pattern that suggests motion between the capitate and trapezoid as well as a distinct triquetral 
block5,7,9. Additionally, our findings contradict the row theory as our results demonstrate 
differential motion between the trapezium and the remainder of the distal carpal row. The oval 
ring theory states the two main mobile articulations in the wrist to be at the TH and the STT joints13. 
Our findings suggest that there are additional mobile articulations between the SL joint and TT 
joints. The oval ring theory also fails to address the independent motion between the scaphoid 
which has been repeatedly observed in previous studies 18,24,26, as well as our own. The column, 
row and oval ring theories may be oversimplified theories for the more nuanced and complex 
realities of carpal motion.   
Garcia-Elias’ theory of balanced forces applied to the lunate proposed the idea of a variety of 
intrinsic forces being applied to the central lunate with the tendency for a specific bone to flex or 
extend based on bone morphology.  The tendency for the lunate to extend with load due to its 
lower curvature dorsally compared to volarly is balanced by forces imparted by the adjacent 
scaphoid and triquetrum through ligamentous connections. We did observe more mobility between 
the bones of the proximal carpal row than the distal carpal row in terms of movement between the 
scaphoid and the lunate, and to a lesser degree between the triquetrum and the lunate, which were 
not found to be statistically significant in our study. Additionally, we observed a lesser range of 
motion arc of the proximal carpal block compared to the other blocks, implying more restraint 
from the radiocarpal ligaments across the radiocarpal joint, compared to the more lax ligamentous 
attachments allowing continuation of flexion and extension through the midcarpal joint.  
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Our study would support the idea of the lunate as part of the proximal block articulating with a 
distal carpal block and a scaphoid block as well as the radiocarpal joint. There is less variation 
between the lunate and triquetrum flexion in FEM which infers a tightly bound ligamentous 
stabilizers between the two causing them to move as a single kinematic unit through FEM. We are 
unable to fully corroborate the effect each block has on the lunate, which would require scanning 
in patients with injury to the stabilizing structures and comparing how those mechanics differ from 
what is observed in this study. Although our study differs from the descriptions of Garcia-Elias’ 
original theory in that we see a separate trapezial block vs a tightly bound distal row, the trapezium 
does not articulate with the lunate or the proximal carpal block. This suggests some balanced 
motion between the scaphoid, first ray, and the distal carpal row in addition to forces imparted on 
the lunate. 
Lastly, our findings share many similarities to Sandow’s central column theory. Sandow et al. 
suggest a “2-gear, 4-bar linkage” system with articulations between the lunate and the capitate, the 
lunate and the scaphoid, and the scaphoid and the trapezoid and trapezium16 (Figure 1.21). They 
also depict a stable central column with independent movement of the thenar and hypothenar rays. 
These articulations are generally consistent with the allocation of our carpal blocks. The main 
difference is that the central column theory groups the trapezium with the distal carpal row and 
found minimal motion between the two. It also partitions the lunate from the triquetrum. The 
central column theory appropriately, but simply captures the complexity in interactions between 
multiple kinematic blocks in the carpus during motion.  It is important to note that Sandow’s study 
looked at purely in-vivo radioulnar deviation (RUD) motion in the wrist using static 3-dimensional 
CT and marker-less bone registration. This may be the reason that they saw greater differential 
motion between the lunate and the triquetrum, and less differential motion between the trapezium 
and the distal carpal row than we observed in our study restricted to FEM.  It also highlights the 
importance of analyzing carpal kinematics in all motion planes prior to confirming a 
comprehensive and uniting theory.  
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5.2 Strengths and Limitations 
There are multiple strengths to our analysis. First and foremost, this is the first study to our 
knowledge to characterize in-vivo carpal kinematics in the entire carpus using four-dimensional 
computerized tomography (4DCT) scanning. Several studies to date have characterized the 
kinematics of the scaphoid, lunate and capitate using this technique, but not the entire carpus. By 
characterizing all seven bones, we were able to get a complete picture of motion of each bone and 
group according to kinematic motion. 4DCT protocols have been shown to be highly accurate with 
an average of approximately 0.5mm translational error and 0.5o rotational error using the same 
technique 22,32,42.  This accuracy allows capture of the small and subtle motion changes at each 
carpal articulation. This study is also in-vivo with data acquired during dynamic motion opposed 
to multiple static scans. This captures the dynamic forces and stabilization imparted by muscles, 
as well as the constraining effects of ligaments throughout motion. This more closely represents 
forces acting upon the carpus in clinical scenarios. Finally, participants were radiographically and 
clinically confirmed to have no evidence of previous injury or arthritis prior to analysis, which 
decreases the possibility of confounding pathology.  
Our investigation also has limitations. Firstly, range of motion analysis was limited to FEM. We 
looked specifically at a motion arc between 40 degrees of wrist extension to 40o motion, despite 
the ability for many individuals to achieve greater range. We chose to focus on functional mid-
range of FEM to allow a standard, achievable range of motion between participants, and decrease 
the chance of individual variability. Next, the motion was unconstrained, and therefore there was 
no control for out of plane motion generated by each participant. Analysis of unconstrained motion 
has the benefit of being more physiologic, but can introduce variability between participants. In 
addition, FEM motion analyzed in this study was unloaded which does not take into account the 
effect of load on carpal kinematics. These loads are commonly imparted with day-to-day tasks 
including tool use, as well as lifting, pushing, pulling and carrying actions of the hand and wrist. 
The rate of motion our participants were guided to complete their motion arc at was approximately 
22o/sec. This again is artificial, and was chosen to decrease blurring artifact in our scans. 
Vocational tasks have been shown to be performed on average at a higher speed of approximately 
30o/second for the dominant hand66.   
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This study also did not take into account variation in patient morphology or ligamentous laxity, 
which has been shown to have some influence on variability of individual carpal kinematics 
5,17,25,67, although again, this has largely been seen in RUD motion opposed to more consistent 
FEM kinematics. Further protocols with inclusion of RUD should identify participants with 
clinical hyperlaxity in an attempt to correlate its effects.  Carpal bone morphology was not 
delineated due to the small sample size and gross variability in morphology that can be seen across 
individuals68. Variation in lunate morphology has been shown to affect translation kinematics of 
the scaphoid during RUD, but it has not been shown in FEM67. 
Regarding our sample size, we had a small sample of 10 participants. We were powered 
sufficiently to capture differences in motion between bones as found in our results. A higher 
sample size would serve to decrease the effect of unidentified bias and variability between 
participants. Finally, we used convenience sampling via volunteer recruitment.  Of patients 
meeting inclusion criteria, younger patients selected for analysis in order to decrease the 
probability of concurrent unidentified carpal pathology or subtle arthritic changes.  The 
convenience sampling and narrow demographic range of the participants decreases the overall 
generalizability of the results.  
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5.3  Current and Future Directions 
This current work opens the door for further applications of 4DCT in the study of carpal 
kinematics. We are compelled to complete our kinematic analysis by investigating both RUD and 
DTM to add to the findings of this study. Currently, our group has shown kinematics of the 
scaphoid and lunate through RUD using the same protocol showing translation consistent with 
previous literature of both bones46. Regarding DTM, Edirisinghe et al. used changes in distance 
between surface points of each carpal bone analyzed, to delineate an axis of rotation of during 
unrestricted DTM27. They found this axis to be -27o anteverted and 44 degrees varus angulation, 
with the majority of movement through the midcarpal joint, and some variability noted between 
patients27.  Expansion to include the carpus in its entirety would allow kinematic characterization 
in all planes and a complete picture of interactions at each articulation of interest. The effects of 
carpal bone size and ligamentous laxity and possibly sex may be better delineated with increased 
sample sizes and a comprehensive study of all wrist motions.  
It would also be of value to investigate the effect of 1st ray and thumb motion on the trapezial block 
and conversely, the effect of wrist position on 1st ray motion. This has clinical implications on 
thumb movement after procedures such as trapeziectomy and ligament reconstruction and tendon 
interposition (LRTI), and STT fusions commonly performed for peritrapezial arthritis. Dedicated 
study on the mechanics of the 1st ray and radial column of the wrist are required.  
With the establishment of baseline normal range of carpal kinematics, future work can analyze 
pathologic scenarios. This would include alterations to kinematic function post injury or in the 
setting of degenerative changes. These studies could identify discrepancies from normal 
kinematics associated with common traumatic pathologies such as scaphoid fracture, scaphoid 
malunion, distal radius fracture, intercarpal ligament injury (scapholunate ligament, lunotriquetral 
ligament) and common degenerative wrist pathology such as scapholunate advanced collapse 
(SLAC), and scaphoid nonunion advanced collapse (SNAC) wrist. Some work has been done 
diagnostically to date in this regard.  For example, Dehemri et al., showed a mild to moderate 
correlation between increased SL intervals and symptoms in patients with suspected SL ligament 
injury69 Meanwhile, a small study by Troupis and Amis38 showed kinematics in patients with 
trigger lunate, and similarly work has been done looking at altered kinematics in both midcarpal 
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instability39 and pisotriquetral instability 70. These were performed in a diagnostic sense, in patients 
with clinical symptoms, but normal static and loaded radiographs, as well as normal MRI. These 
studies not only have diagnostic value, but also provide potential anatomic targets and benchmarks 
for intervention. 
This work has implications beyond diagnosis. It lays the foundation to be able to assess if 
interventions are able to restore normal kinematic motion, and if so, whether restoration of normal 
kinematics correlates to improved clinical outcomes.  Additionally, the effects of specific surgical 
interventions, including partial wrist fusions, on the alteration of carpal kinematics can be 
characterized. The benefit to the non-invasive, in-vivo characteristics of the 4DCT modality in the 
study of wrist kinematics, is that participants can be studied both pre- and post-intervention, 
providing insight if restoration of normal kinematics can be achieved and what effect it has on the 
clinical function and outcomes for the patient. To date, we identified one study which used 4DCT 
to compare kinematics pre and post SL ligament repair, showing a persistence of diastasis between 
the scaphoid and lunate post repair, with no evidence of dynamic instability40. They did find 
initiation of flexion to be at the radiocarpal joint in patients post-repair, opposed to at the midcarpal 
joint in normal patients. Ideally, future surgical implants, repair and reconstruction techniques 
would be tailored to optimize restoration of normal kinematics. Future studies can help confirm 
the clinical effect.  
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5.4  Significance and Conclusion 
A detailed understanding of carpal kinematics is vital to being able to identify pathology and help 
identify targets to optimize treatment. Despite many decades of study into carpal kinematics, we 
have yet to come to a consensus regarding how the carpal bones move with wrist motion due to 
challenges in kinematic study in this anatomic region. Highly accurate, non-invasive, in-vivo study 
with 4DCT scan technology allows the most representative study of carpal kinematics through live 
functional motion to date, and mitigates the challenges of previous forms of low-resolution, static 
and invasive study.  This study serves to delineate the kinematic motion of the entire carpus 
through FEM, and offers a baseline “normal” motion pattern to which pathologic states can be 
compared for diagnostic purposes, and interventions can be benchmarked against.  
We conclude that through FEM, the carpal bones move as four separate kinematic bodies that can 
be organized in to blocks. These include a distal, proximal, scaphoid and trapezial block. We also 
show that the trapezium is not rigidly associated with the remainder of the distal carpal row, but 
the implications of its subtle independent mobility compared to the distal carpal row is still not 
completely understood. Our findings suggest that the previously suggested row, column and oval-
ring theories are incomplete models of carpal kinematics, and the most recently proposed central 
column theory most consistently agrees with our findings. Further 4DCT analysis is required in 
RUD and DTM before we are able to comprehensively define baseline carpal kinematic. This is 
required before we can confirm or debunk any theory in its entirety or determine if a cohesive 
description of carpal kinematics truly exists. Kinematics in the wrist may be extremely 
individualized. Specific patterns of kinematics could display varying prevalence depending on 
several patient factors, and likely exists as a spectrum of normal. Regardless, this work lays the 
foundation for characterizing in-vivo FEM kinematics on the way to comprehensive 
characterization of carpal motion in all planes. It progresses our understanding of wrist mechanics 
and links to future study of the clinical implications of pathological deviation from baseline 
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Appendix B: Glossary of Terms 
 
 
Degrees-of-Freedom  Directions of motion in which independent motion can occur. 
Antagonistic To describe the actions of a muscle or group of muscles. An action 
which opposes the actions of another specified muscle or group of 
muscles.  
Articulation   A joint or point of motion between two bones.  
Axial Generated by rotating around the axis of the body, a transverse 
planar image.   
Biconcave   Concave on both sides.  
Circumduction The orderly combination of movements allowing rotation of a limb 
in a circle. 
Composite   The sum of multiple parts, joints, motions.   
Concave   Having a surface that curves inwards.  
Coronal   In plane with the face.  
Convex   Having a surface that curves outwards like a sphere.  
Cuneiform   Wedge-shaped. 
Deep    Away from the surface or further into the body.   
Deviation (Radial or Ulnar) Motion in the coronal plane bringing the part towards the body 
(ulnar), or away from the body (radial).  
Displacement Vector representing the distance travelled by an object between 
two points in time.   
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Distal    Farther from, or away from the head of the body.  
Dominant (Hand) The side preference (left vs right) which an individual prefers to 
use for gross and fine motor tasks of the upper extremity. 
Dorsal    Towards the back of the body.  
Dynamic   Characterized by motion, activity or progress.  
Extension Movement that increases the angle between two body parts. In 
reference to anatomic position.  
Extrinsic Muscle whose origin is in a different anatomic region than the part 
it moves.  
Flexion Movement that decreases the angle between two body parts. In 
reference to anatomic position.  
Helical Axis (Screw Axis) A line that is simultaneously the axis of rotation and the line along 
which translation of a body in motion occurs.  
Kinematics The description of motion of points, bodies and systems of bodies 
without considering the forces that cause them to move.  
In-Plane (Motion) Motion constrained to two dimensions within a conventional 
coronal, sagittal or axial plane.  
Insertion   The distal attachment of a muscle.  
Intercalated   Inserted between two other bodies.  
Intrinsic   Muscle who’s contained wholly within the region it acts.  
In-vitro   Process performed or taking place outside of a living organism.  
In-vivo    Process performed or taking place within a living organism.  
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Lateral    Moving or away from the midline of the body.  
Mean    The average.  
Medial    Moving or towards the midline of the body. 
Modelling Generation of a conceptual or mathematical or visual 
representation of a real phenomenon or structure.  
Neutral   In its original anatomic position.  
Out-of-Plane (Motion) Motion that occurs outside of the traditional two-dimensional c 
    coronal, sagittal or axial planes of motion.  
Pronation   Rotation of the forearm, hand or wrist in a palm-down direction.  
Proximal   Closer to, or towards to the head of the body.  
Radial Towards the radius bone; directionality term used as reference 
within the upper extremity irrespective of anatomic position. 
Registration (Image) The process of transforming different sets of data into one 
coordinate system.  
Resolution The fineness of detail in an image or ability to capture detail in an 
image.  
Rotation   Motion around a center or axis.   
Sagittal In a plane parallel to the sagittal suture of the skull splitting the 
body into left and right halves.  
Segmentation   To separate into defined parts.  
Sharpey’s Fibres  Fibres that attach a ligament or tendon to the periosteum of bone.  
Static    Stationary; lacking in movement.  
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Stereotactic Relating to techniques or treatments that permit accurate three-
dimensional positioning in space with the use of markers and 
sensors.  
Superficial   Towards the surface of the body.  
Supination   Rotation of the forearm, hand or wrist in a palm-up direction.  
Translation   Linear displacement or motion of a body.  
Tubercle   Small, rounded protuberance on the surface of a bone.  
Volar Towards the palm of the hand; directionality term used as 
reference within the forearm, hand and wrist.  
Voxel In computer-based modelling. Element of volume that constitutes a 
notional three-dimensional space, especially the discrete base unit 
of which a three-dimensional image is divided.  
Ulnar Towards the ulna bone; directionality term used as reference 
within the upper extremity irrespective of anatomic position.  




Appendix C: Repeated-Measures ANOVA Pairwise 





Pass 1: Repeated-measures ANOVA by kinematic block with pair-wise comparison between 
block for the first pass of FEM motion from 40 degrees of wrist extension to 40 degrees of wrist 
flexion. Lunate represents the proximal carpal block, capitate the distal carpal block, scaphoid the 





Pass 2: Repeated-measures ANOVA by kinematic block with pair-wise comparison between 
block for the second pass of FEM motion from 40 degrees of wrist flexion to 40 degrees of wrist 
extension. Lunate represents the proximal carpal block, capitate the distal carpal block, scaphoid 
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